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ABSTRACT
The Dam-dependent mismatch repai system of Escherichia coli is par of a large
network of DNA sureilance and error avoidance systems that identify and repai DNA
damage. In this thesis, I have investigated the Dam-dependent mismatch repai system of
E. coli and its role in the recognition and repai of DNA substrte molecules containing
small inserton/deletion heterologies. This investigation was divided into two pars: the
first par utilzed genetic techniques to evaluate the specifcity of repai and the second
par utilized biochemical approaches into the recognition of inserton/deletion heterolo-
gies.
I have developed a sensitive in vivo transformation system to rapidly evaluate the
repai of small inserton/deletion heterologies by Dam-dependent mismatch repai. Het-
eroduplexes were constrcted, for each state of methylation of d(GA TC) sequences, by
anealing single strand DNA to the linearzed complementa strand of duplex DNA.
The unmethylated single strand DNA was isolated from f1 phage (R408) propagated on a
strain of E. coli contaning the dam- 16 alele (Chapter 2) to eliminate the possibilty of
residual Dam-methylation of d(GA TC) sequences. Tranformation of E. coli indicator
strains with heteroduplexes containing 1 4 and 5 base inserton/deletion heterolo-
gies were scored for repair based on colony color. The results of these experiments show
that the Dam-dependent mismatch repai system can recognize and repai 1, 2 and 3 base
heterologies as well as repaing Gff mispais (Chapters 3 and 4). The repai of 4 base
heterologies was marginal, while no repai was observed with 5 base heterologies (Chap-
ters 3 and 4). Repai of the 1 3 and 4 base heterologies proceeded in a Dam-
dependent process that required the gene products of mutL, mutS, and
I have demonstrated that MutS protein from both Salmonella typhimurium and 
coli can recognize and bind in vitro to the same 1, 3 and 4 base heterologies used for
the genetic studies above (Chapters 4 and 5). In fact, MutS protein binds to 1, 2 and 3
base heterologies with greater affinity than it binds to a Grr mismatch. The in vitro
observation that MutS does not bind to 5 base heterologies is consistent with the in vivo
observation that 5 base heterologies are not subject to repair. I have also shown that
MutS protein specifically binds to 1, 2 and 3 base heterologies since MutS protects about
25 base pais of DNA flanng the site of the heterology from DNaseI digestion.
The results of the genetic and biochemical experients describe in this thesis (and
summarzed above) serve to re-emphasize the importance of the role that methyl-diected
mismatch repai plays in mutation avoidance, and hence in the preservation of genetic
integrty.
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CHAPTER 
INTRODUCTION
A. The conservation of 2enetic information in Escherichia coli is mediated by
systems that protect its DNA against environmental as well as endo2enous insult.
and from of DNA r lication.
In al forms of life, the conservation of genetic information from one generation to
the next occurs with remarkable fidelity, thanks in par to an exquisite network of special-
ized systems that work to identify and repair damaged DNA. Damage to DNA can occur
as a result of exposure to ultraviolet radiation from the sun, environmental toxins,
spontaneous methylation and deamnation of nucleic acids, and errors of replication.
Such events are biologicaly signifcant since altering the genetic integrty of DNA can
precipitate the onset of potentially lethal disease states, i.e. cancer. Exactly how cells
guard against such mutational events is an area of intense research. Prokarotes, such as
Escherichia coli, have proven to be excellent models for studying systems involved in
detecting and correcting mutagenic lesions. The knowledge gained from such studies,
and those of other organsms, may help elucidate the complexities of mamalian DNA
damage sureilance and error avoidance systems. The Introduction to this thesis wil
discuss in very general terms, in the context of Escherichia coli, a few examples of repair
pathways involved in repairing DNA damage as a result of environmental, chemical and
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endogenous insult. This wil be followed by an in depth review of error avoidance sys-
tems that protect DNA agaist errors of replication. To ths end, I wil focus primarly on
the E. coli Dam-dependent mismatch repai system, also known as the methyl-diected
mismatch repai system.
Systems involved in repairing DNA as a result of endogenous damage. Of the
four bases that normally occupy the DNA molecule, thee (adenine, guanine, and cyto-
sine) contain exocyclic amio groups. The deamination of these molecules, cytosine
being of parcular importance since it represents 98% of the observed deamnations
(Friedberg, 1985), are biologically significant reactions that occur under normal physio-
logical conditions (Friedberg, 1985). For example, the spontaneous deamiation of cyto-
sine to uracil produces GIU base pais. Since uracil base pais with adenine durng
replication, a G/C to A! transition mutation event can occur (Duncan and Miler, 1980).
Such mispais can be prevented by the action of uracil DNA glycosylase which catalyses
the removal of uracil from GIU basepais through hydrolysis of the N-glycosidic bond
producing an abasic site, the processing of which requires AP endonuclease activity (Lin-
dahl, 1982). An analogue of cytosine, 5-methylcytosine, is also subject to deamiation
resulting in the conversion of 5-MeC to thymine creating a Grr base mispai (Coulondre
et al., 1978). This mispai is subject to Very Short Patch (VSP) repai (Lieb, 1983) and
wil be discussed in greater detail later.
Another form of DNA damage results from the spontaneous hydrolysis of the
glycosylic bond whereby the base is released from the DNA giving rise to an abasic
site. Depurnation represents the major form since it occurs spontaneously 20 times more
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frequently than depyrmidiation (Lindah and Karlstrom, 1973; Friedberg, 1985). The
generation of abasic lesions, in addition to those produced by specifc DNA glycosylases
(Sakmi and Sekiguchi, 1990), are of parcular importnce since they may block DNA
replication or cause miscoding (Echols, 1991). AP endonucleases are responsible for rec-
ognizing and repairng these lesions by makng an incision, depending on the AP endonu-
clease class (lor II), either 3' to or 5' to the deoxyrbose-sugar moiety (Doetsch and
Cunningham, 1990). Furher processing is likely since the AP endonuclease nicked site
does not always provide an appropriate substrate for DNA polymerase I (Doetsch and
Cunningham, 1990).
Naturally occulTng non-enzymatic processes within the cell can also produce muta-
genic lesions. For example, S-adenosylmethionine (SAM), a common cofactor in reac-
tions that require the presence of a methyl donor, can act as a very weak alylatig agent.
Through a spontaeous, non-enzymatic process that occurs under normal physiological
conditions, SAM can methylate the N and N positions of guanine and adenine respec-
tively (Ryberg and Lindahl, 1982). The presence of SAM induced 7-methylguanne
moieties in DNA is about 7 fold greater than that observed for 3-methyladenine (Ryberg
and Lindahl, 1982). Under normal conditions, the presence of 7-methylguanine in DNA
is of little consequence, although the potential for depurnation can not be ignored. As
discussed above , depurnation gives rise to abasic sites which, if not repaied, may pro-
mote miscoding (Friedberg, 1985). Conversely, 3-methyladenine poses the more serious
threat since these adducts often result in lethal events presumably by blockig the
replicative machinery (Friedberg 1985). Therefore, it's not surrising that 3-methylade-
nine DNA glycosylase I is constitutively expressed in E. coli specificaly to remove
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3-methyladenine from DNA (Sakumi and Sekiguchi, 1990).
DNA base modifications can also arse as a result of endogenous oxidative damage.
For example, 8-oxoguanine can be produced when dG is attacked by reactive oxygen spe-
cies formed as a consequence of normal metabolism. 8-oxoguanine adducts are biologi-
cally significant since they can base pair with adenine to form a 8-oxoG/A mispairs
unless removed prior to replication (Shibutani et al., 1991). The repai of this lesion is
presumably cared out by the product of mutM (Michaels et al., 1991), formamdopyr-
dine DNA glycosylase (Fapy-DNA glycosylase), to which 8-oxoguanine serves as a sub-
strate (Tchou et al., 1991). Unlike uracil DNA glycosylase, Fapy-DNA glycosylase
possesses dual glycoslyase and AP nicking activity (O' Connor and Laval, 1989) that
removes 8-oxoguanine from DNA. Genetic studies performed in E. coli strains caring
mutations in the mutM gene show a marked increase in G/C to T/A transversion muta-
tions in agreement with biochemical observations (Cabrera et aI., 1988).
Systems that protect against environmental and chemical insult. Escherichia coli has
evolved a vast network of enzymatic pathways designed to respond to chemically and
environmentally induced DNA damage (Friedberg, 1985). An example of this is expo-
sure to ultraviolet radiation which can result in the formation of pyrmidine dimers
between two adjacent pyrmidine moieties. Since these adducts interfere with proper
base pairng and can promote the premature termnation of DNA replication, surival
depends on efficient correction of the damaged DNA. Therefore, it is not surrising that
multiple pathways exist to process pyrmidine dimers. These include repair by either
photolyase (Houten , 1990), which binds to the dimer and catalyzes its separation back
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into individual pyrmidine bases, and by nucleotide excision repai which requires the
gene products of the uvrABC genes to catayze a process that recognizes and removes a
short dimer containing excision tract (Houten 1990; Grossman and Yeung, 1990).
DNA damage resulting from exposure to reactive chemicals or alylating agents
can be repaired by DNA glycosylases in a process similar to that discussed earlier or by
varous methyltransferases. For example, 06-methyltransferase catalyzes the removal of
the methyl group from the 6-position of 06-methylguanine to restore guanine to its native
state, while 3-methyladenine DNA glycosylase II serves to repai 3-methyladenine, 7-me-
thylguanine and 3-methylguanine moieties. Other forms of chemically induced damage,
such as that of acridines and proflavin, promote the formation of + 1/-1 frameshift
mutations (Skopek and Hutchinson, 1984). The correction of frame shift mutations is car-
ried out by the Dam-dependent mismatch repair system (Skopek and Hutchinson, 1984;
Parker and Marnus, 1991; Chp. 4).
Initial misincorporation of deoxynucleotides is dependent on base selection by DNA
polymerase il holoenzyme and the gene product of mutT.
Proper inserton of deoxyrbonucleotides durng DNA replication requires the cor-
rect Watson/Crck base paing and nearly equivalent Cl' bond angles and distances (for
a review, see Echols, 1991). Improper geometr may impede the inserton of a dNTP
with a non-complementar base by slowing down the formation of phosphodiester bonds
and/or promoting dissociation of bases from the polymerase active site (Echols, 1991).
The major mispais formed as a result of misincorporation in the absence of proofreading
and mismatch repair are Gff and C/A transitions and G/A transversions (Schaaper, 1988;
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Palmer and Marnus, 1991), all of which exhibit Cl' bond angles substantialy different
than that required for perfect Watson/Crck base paing. The error frequency of base
inserton by DNA Pol III is approximately 10- (Echols, 1991).
Recent observations have suggested that the gene product of mutT isolated to near
homogeneity as a 15 kDa protein (Bhatnagar and Bessman, 1988), assists DNA Pol III in
preventing the formation of NG transversion mispais by selectively removing the (syn)
form of dGTP (Akiyama et al., 1989). Since the (anti) form of dGTP is the proper sub-
strate for G/C base paig, the selective removal of the (syn) form of dGTP, which can
base pair with dA , decreases the probabilty of A/G mispaing. The importnce of mutT
to replicational fidelity is strengthened by the observation that some NG mispais that
are normally prevented by MutT are not substrates for repair by methyl-diected mis-
match repai (Schaaper, 1989).
Errors of DNA replication are recognized and corrected by DNA polymerase HI
holoenzyme 3' 5' exonucleolytic proofreading function.
The proofreadig function of DNA Pol III, which increases the fidelity of replication 10
to 10 fold (Echols, 1991), is encoded by the dnaQ (mutD) gene as the E-subunit
(Scheuermann et al., 1983). This subunit displays a 3' to 5' exonuclease proofreading
activity that, while independent of the cataytic subunit (a.) of PolIU (Scheuermann and
Echols, 1984), is enhanced 10 to 80 fold when present as an a. - E complex (Mak and
Kornberg, 1987). The mechanism involved in mispair recognition by the E-subunit is stil
unclear. However, it has been proposed that the 3' -5' exonuclease proofreading activity
has more time to recognize and remove a mispaied base since polymerase II extension
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after incorporation of a mismatched base is often slowed by helical instability at the site
of the mismatch (Echols, 1991).
Mutations in the mutD alele, e.
g. 
mutD5, result in a hypermutable phenotye
(Fowler et aI., 1974; Cox, 1976). In general, mutations are of the single base substitution
transition/transversion type and an occasional + 1/- 1 frameshift mutation (Lorenzetti
1983, Fowler et aI., 1986, Schaaper 1988, Wu et aI., 1990). The type of mutations pro-
duced in the lac/ reporter gene in mutD 5 strains are, in par, a function of growth condi-
tions. The observed mutation frequency of mutD5 cells grown on miimal salts is
approximately 480 times that of wild type cells producing a mutation spectrm of which
62% were of the transversion type (Schaaper, 1988). Conversely, mutD5 cells grown on
rich media produced mutations, of which 90% were transition mutations, at a frequency
37,000 times that of wild type cells (Schaaper 1988). Schaaper (1988) proposed that
mutD5 cells grown in rich meda are defective in mutHLS mismatch repai in addition to
defective exonucleolytic proofreading. To examne this, mismatch repair was evaluated
by transfecting wild type, mutL and mutD5 cells grown in minimal and rich meda with
M13mp2 hemimethylated heteroduplex DNA contaning a Gff mismatch. The results
indicated that methyl-diected mismatch repair operated efficiently in mutD5 strains
grown on minimal meda, but was quite inefficient when grown on rich media.
Schaaper (1988) suggested that either the E-subunit interacted diectly with the mis-
match repai machinery or that lack of 3' -5' exonucleolytic proofreading durng periods
of rapid growth satuates the mismatch repair system with an excess of replication errors.
The latter explanation is the best supported by the following observations. First, mutD 5
cells were deficient in mismatch repair during log phase growth, while efficient mismatch
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repai was restored when the mutD5 cells reached plateau phase of growth (Schaaper and
Radman, 1989; Schaaper, 1989). Second, mismatch repair ofheteroduplexes in mutD5
cells durng early log phase is restored to that of wild type after cells contaning a dnaA
(Ts) allele are shifted to a non-permssive temperature, thus aresting chromosomal repli-
cation (Schaaper and Radman , 1989). Third, the presence of a multicopy plasmid con-
taining either mutL or mutH restored efficient mismatch repai of Gff mispai M13mp2
heteroduplexes durng log phase growth in mutD5 cells (Schaaper and Radman, 1989).
Finally, a mutD5.,am- 16 double mutant produced a spectrm charcteristic of mismatch
deficient cells similar to that observed when mutD5 cells are grown in rich meda (palmer
and Marnus, 1991). In agreement with a recent study by Wu et al. (1990), these observa-
tions suggest that mismatch repai functions predominantly to remove transition muta-
tions, while the proofreading exonuclease of DNA polymerase III functions
predominantly to remove transversion mutations.
Dam-dependent mismatch repair corrects errors after passage of the replication
fork.
The followig discussion wil focus on the Dam-dependent mismatch repai path-
way of Escherichia coli since it is best characterized in this organism (for reviews see,
Radman and Wagner 1986; Modrch, 1987; Meselson, 1988; Modrch, 1991). The
existence of a mismatch repai pathway was originaly envisioned by Robin Hollday
(Hollday, 1964) as an explaination for gene conversion arsing as a consequence of
genetic recombination. Support for a mismatch repair pathway was provided by A-heter-
oduplex transfection experiments using E. coli as host (Wilden berg and Meselson, 1975;
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Wagner and Meselson, 1976). A-heteroduplexes were constrcted by annealing
complementar strands of A-DNA, with each strand harboring allelic differences, to pro-
duce a molecule containing multiple genetic markers. Since each strand contains allelic
differences, mismatched base pais are formed. Repai of the heteroduplexes can be
analyzed by determining the genotype of the progeny phage after transfection. Results
from such experiments showed a high incidence of multiple repair events involving adja-
cent mismatched bases residing on the same strand (Wildenberg and Meselson, 1975;
Wagner and Meselson, 1976). Their observations led to the proposal that the repai
process involved long excision repair tracts spanning the adjacent mismatches on one
strand. This gives rise to progeny phage favoring the genotype of the strand opposite the
excised strand. From these experiments, it was estimated that excision repai tracts could
be as long as 3,000 bases since simultaneous repai of markers spaced in excess of 2,000
base pairs were observed at high frequencies (Wagner and Meselson, 1976).
It was subsequently proposed that mismatch repai could be advantageous if it cor-
rected replication errors within the newly synthesized daughter strand (Wagner and
Meselson, 1976). For this to function properly, it required a signal that would diect
repai to the newly synthesized strand. Since the newly synthesized daughter strand is
transiently undermethylated, it was postulated that post-replicative mismatch repai
would be methyl-directed such that repai was diected against the unmethylated strand of
hemimethylated DNA (Wagner and Meselson, 1976). I wil refer to this system as the
Dam-dependent (methyl-diected) mismatch repai system since Dam-methylase supplies
the required signal.
Dam-dependent mismatch repai, by virue of the long excision repai tracts, 
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sometimes referred to as Long Patch Mismatch Repair (LPMR). The substrate specifcity
is quite broad and requires the gene products of mutH, mutL, mutS and uvrD, the require-
ment of which wil be discussed below in more detail. This system is functionaly quite
similar to mutHLS of Salmonella typhimurium and the hex system of Streptococcus
pneumoniae (for review, Claverys and Lacks, 1986). There also exists a group of spe-
cialized mismatch specific repai pathways that produce excision tracts less than 10
bases. These Very Short Patch Mismatch Repai (VSPMR) pathways, VSP repai and
MutY, wil be discussed later.
B. d uence and Dam- end mismat h re air
DNA Adenine Methyltransferase (Dam) is encoded by the dam gene.
Two percent of all adenine residues in E. coli DNA are present as 6-methyladenine,
of which 98% result from methylation catayzed by the product of the dam gene (for
review, see Marnus 1984; Baras and Marnus, 1989). Under normal circumstaces,
Dam is present at approximately 130 molecules per cell as determned by imunoblot-
ting using a polyclonal antibody to Dam (Boye and Marus, unpublished data, 1991).
Dam has been overexpressed and puried to near homogeneity as a 31 kDa protein which
exists as a monomer in solution (Herman and Modrch , 1982). It recognizes the adenine
residue in the symmetrc sequence 5' d(GATC)-3' and transfers a methyl group from
S-adenosyl-L-methionine (SAM) to the 6-position of adenine (Herman and Modrch
1979). This transfer occurs in a two step process in which the fist step involves the bind-
ing of SAM to an allosteric site on Dam to create a binar complex (Bergerat et al.,
1991). The binding of this binar complex to an unmethylated d(GA TC) site induces a
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conformational change resulting in the formation of a second site (catalytic) that becomes
activated subsequent to adenine methylation (Bergerat et aI., 1991).
The dam gene is not required for viabilty of E. coli strains since deletion of the
dam gene is not a lethal event (parker and Marnus, 1988, also see Ch. 2 of this thesis).
However, dam strains do exhibit pleiotropic effects including sensitivity to 2-amnopu-
rine (AP) (Glickman et al., 1978), hypermutabilty (Marus and Morrs, 1974, Bale et
al., 1979), hyper-recombination (Marnus and Konrad, 1976), increased transposition of
TnlO (Roberts et aI., 1985), and sensitivity to ultraviolet light and methyl methanesulfo-
nate (MMS)(Marnus and Morrs, 1974, Bale et al., 1979). This wide range ofpheno-
types, most of which are related to the cell' s inabilty to correct damaged DNA, suggests
that dam may be involved in error avoidance. Since the mutation spectrm for dam was
found to be similar to mutHL and S in that they all reflect an increased frequency of trans-
ition mismatches (Glickman, 1979), it was originally suggested that dam may be par of
the same error avoidance system as mutHLS (Glickman, 1979; Glickman and Radman,
1980).
Of parcular interest is the observation that dam strains are inviable when present
with a mutation in any of the recABC alleles (Marnus and Morrs, 1974, 1975). Viabilty
of such strns can be restored with second site mutations in either of the mutL or mutS
genes (McGraw and Marnus, 1980). The lethality of the dam rec double mutants pres-
umably is due to the generation of double strand breaks as a result of undiected mis-
match repai creating overlapping excision tracts on opposite strands (Wang and Smith,
1986). Therefore, the introduction of mutS or mutL alleles cripples mismatch repai and
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restores viability. A similar phenomenon has also been observed in dam- strais exhib-
iting resistance to 2-AP (Glickman and Radman, 1980). Second site mutations that
mapped to either of the mutH, mutL or mutS genes rendered dam strains resistant to 2-
(Glickman and Radman, 1980). The mechanism for this resistace is not completely
understood, however it is possible that undiected mismatch repai of 2-AP containing
DNA may result in double strand breaks at a frequency that exceeds the abilty of the rec
system to rejoin the breaks and restore viabilty.
Dam-methylation of adenine in d(GATC) sequences directs the strandedness of
repair.
Meselson had postulated that correction of replication errors by mismatch correc-
tion is methyl-diected (Wagner and Meselson, 1976). This implied that mismatch repai
must occur after passage of the replication fork but prior to Dam-methylation. The
general features of this model predict that repair would be diected against the unmethy-
lated strand of hemimethylated substrates, on either strand of an unmethylated substrate,
and not at all on symmetrcally methylated substrates. These predictions are in
agreement with early studies performed with E. coli both in vivo (Radman et al., 1980;
Pukla et al., 1983; Wagner et al., 1984) and in vitro (Lu et aI., 1983). The most str-
ing evidence was demonstrated with an in vivo transfection system using A heterodu-
plexes that represented each of the four possible methylation states (pukla et al., 1983).
Unlike earlier studies that used parally methylated A DNA, these hemimethylated and
symmetrcally methylated heteroduplexes were prepared using A DNA that was methy-
lated in vitro with Dam methylase. This study clearly demonstrted that mismatch repair
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is dicted by Dam-methylation since switching the state of hemimethylation produced a
simultaneous switch in the strandedness of repair, a result unaffected by transfection into
either dam or dam strains indicating that repair occurs prior to any significant methyla-
tion of the heteroduplex (pukla et al., 1983). Furhermore, repai occured on either
strand of unmethylated heteroduplexes consistent with loss of diection. No repai was
observed when the heteroduplexes were symmetrcally methylated (pukla et al., 1983)
which suggests that the hypermutable phenotype observed in dam overproducing strains
(Herman and Modrch, 1981; Marnus et al., 1984) can be attrbuted to rapid methylation
of the DNA prior to correction of mutations by mismatch repai. The Wagner-Meselson
hypothesis and observations of Pukla et al., (1983) have been subsequently confired
using a substrate molecule containing a single d(GA TC) site and demonstrting methyl
diected repair in vitro by the purfied mismatch repai system (Lahue et al., 1989).
Dam-dependent mismatch correction requires at leat one d(GA TC) site for effcient
correction of a mismatch.
Initial in vivo and in vitro studies demonstrated that the presence of d(GA TC) sites
are required for Dam-dependent mismatch repai since efficient repai of covalently
closed substrate molecules lacking d(GA TC) sequences is not observed (Laengle-Rouault
et al., 1986, 1987; Lahue et al., 1987; Bruni et al., 1988; Claverys and Mejean, 1988). In
the presence of d(GA TC) sites, both in vivo and in vitro studies demonstrated that mis-
match repai proceeded according to the state of Dam-methylation. In addition, it was
reported that a single d(GA TC) site is sufficient to support Dam-dependent mismatch
correction (Lahue et al., 1987; Claverys and Mejean, 1988). There has been only one
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report to the contrar which suggests that two sites are required for mismatch correction
since heteroduplexes containing a single d(GA TC) site were not repaired, but the addition
of a second d(GA TC) sequence to the heteroduplex restored efficient mismatch correc-
tion (Laengle-Rouault et al., 1987). Mismatch repai of the heteroduplex was not evalu-
ated for each d(GA TC) site individually, therefore it remains a distinct possibility that the
single d(GA TC) site chosen for the experient was a poor substrate for mut dependent
mismatch correction while the opposite may be tre for the other d(GA TC) site.
The requirement for a single d(GA TC) site has been confined based on experi-
ments utilizing the purfied in vitro mismatch repai system (Lahue et al., 1989). Effi-
cient correction of a heteroduplex containing a Grr mismatch and a single d(GA TC) site
1024 base pais from the mismatch was obselVed to proceed in a Dam-dependent
diection. No repai was obselVed when the single d(GA TC) site was symmetrcally
methylated or when the heteroduplex was devoid of d(GA TC) sites. In addition, using
the same heteroduplex (Gff, single d(GATC) site) just describe, treatment with E. coli
cell free extracts under conditions that restrct DNA synthesis produce one single-
stranded region or gapped duplex reflecting an intermediate step between repai tract
excision and resynthesis (Su et al., 1989). The gaps were mapped by electron
microscopy after coating the single-stranded region with single-strand DNA binding
(SSB) protein. The excision tracts were not observed in molecules devoid of dGATC
sites, but were obselVed spanning the region in the vicinity of the d(GA TC) site and the
mismatch in d(GATC) containing molecules (Su et al., 1989). In every case tested, only
one single stranded region was observed per molecule and that region always spanned the
shorter distance between the mismatch and d(GA TC) site.
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The relationship between repair efficiency of a mismatch and the distance to the
nearest d(GA TC) site has not been clearly defined. A recent in vivo study using M13
heteroduplexes containig a d(GA TC) site placed at six diferent locations were used to
examne this question. Four of the d(GA TC) sites were placed within 1 000 base pais of
the mismatch and the other two d(GA TC) sites were placed in excess of 2 000 base pairs
from the Gff mismatch. The results of the transfection experiments indicate that there is
little difference in the efficiency of mismatch correction when the d(GA TC) sites are
within 1 000 base pais of the mismatch, but the efficiency of repai decreases as the
d(GA TC) site exceeds 2 000 base pais (Bruni et al. , 1988). This is in agreement with an
in vitro study (Lahue et al., 1987) indicating that mismatch correction is more efficient
when a single d(GATC) site is 1 024 base pairs from the mismatch than when it is 2 200
base pairs away. In addition, increasing the density of d(GA TC) sites in the heteroduplex
increased the repai efficiency (Lu, 1987), while decreasing the density had the opposite
effect (Lahue et al., 1986; Bruni et al., 1988).
C. S ecificit of Dam- endent mismatch correction.
The Dam-dependent mismatch repair pathway corrects transition mismatches more
effciently than transversion mismatches.
The efficiency of mismatch repai is influenced by varous factors, the most impor-
tant of which involves the nature of the mismatch itself (Kamer et al., 1984; Wagner et
al., 1984; Dohet et al., 1985; Wood et al., 1986; Jones et al., 1987; Su et al., 1988; Lahue
et al. , 1989). The fIrst study designed to evaluate the specificity of mismatch repai was
Page 16
cared out using M13 heteroduplexes, each contag one of the eight possible mis-
paied bases within the lacZ tne (Kramer et al., 1984). Following trsfection into 
coli strains, the repair efficiency for each class of mispais was scored based on the
percentage of mottled plaques that arse since these indicate the absence of repai. With
this system, it was determned that Grr and NC transition and G/G transversion mispairs
are corrected most efficiently, NA transversions are corrected at an intermedate effi-
ciency, and very little correction was observed with G/A, Tff, C/C and crr transver-
sions. Dohet et al., (1984, 1985) using unmethylated heteroduplexes of A. phage,
observed a similar pattern of repair efficiency with slight varations in the correction of
transversion mispais. Although it is difficult to diectly compare M13 transfection
experiments to those involving A, the varation observed in the efficiency of correction of
different mispais suggests that the sequence environment within which the mispair
resides can significantly influence its repai.
The role of sequence environment in correction efficiency was addressed in vivo
(Jones et al., 1987) and in vitro (Lu and Chang, 1988). Jones et al. (1987) constrcted
sets of A heteroduplexes containing base pai mismatches of Gff, NC, G/A and Cff such
that each set was located within an identical sequence of the cI repressor gene. Based on
the percentage of mixed infective centers arsing after transfection of E. coli, they found
that Grr and NC were efficiently corrected regardless of sequence environment, while
the less efficient correction of G/A and crr mispairs were significantly inuenced by the
flanng DNA sequence. This is in agreement with observations using a in vitro system
of cell free extracts since the correction of transversion mispairs differed markedy with
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sequence context (Lu and Chang, 1988). Interestingly, an increasing G-C content sur-
rounding G/ A and Cff trsversion mispais correlated with an increase in correction
efficiency, while G-C content had little effect on the correction of Grr and NC transition
mispais (Jones et al., 1987). The significance of ths observation is unclear, however
since a similar study, which involved the related mismatch repai system of S. pneumo-
niae, showed no such simple correlation between G/C content and repai efficiency 
vivo (Gasc et aI., 1988).
To obtain a more accurate measure of correction efficiency, in vitro studies with
cell free extracts and the purified system were performed by evaluating the correction of
each of the eight mismatched base pais placed within the same sequence context (Su et
al., 1988; Lahue et al., 1989). The results of such experiments were in general agreement
with the in vivo studies discussed above. That is, Gff and NC transitions were corrected
with greatest efficiency followed by less efficient repai of transversion mismatches, the
poorest of which is the C/C mispair. This also agrees with the observed mutation spec-
trm for components of mismatch repai since transition mutations predominate in the
absence of mismatch repai (Glickman, 1979; Choy and Fowler, 1985; Leong et al.,
1986; Caraway et al., 1987; Rewinski and Marnus, 1987; Schaaper and Dunn, 1987;
Wu et al., 1990).
Dam-dependent mismatch repair can correct small frameshift mutations.
The correction of + 1/-1 frameshift mutations by Dam-dependent mismatch repai
has been reported using an in vivo A transfection system (Dohet et aI., 1986). In addition
Lear and Grafstrom (1989) demonstrated Dam-dependent mismatch correction of 1, 2
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and 3 base inserton/deletions in cell free extracts. Correction of heteroduplexes contain-
ing these mutations is dependent on the gene products of mutH and S since the addition of
MutH and MutS protein to extracts made from mutH and mutS cells restored mismatch
repai to that observed with wild type extracts. Fishel et al., (1986) have reported that
correction of heteroduplexes containing 10 base insertion/deletion heterologies can pro-
ceed by both Dam-dependent and Dam-independent mismatch repai pathways. The
results of Fishel et al., (1986) are discussed in more detail in Chapter 4 of this thesis.
Correction of heteroduplexes containing deletions of 93, 700 and 800 bases by Dam-
dependent mismatch repai have not been observed (Kramer et al., 1982; Raposa and
Fox., 1986; Dohet et al., 1987). The point at which mismatch repair can no longer
recognize and repair insertion deletion mutations has only recently been defined and is
the subject of Chapter 4 of this thesis.
The Biochemistr of Dam- enden Mismatch C rrection
Genetic studies involving transfection of E. coli with A. heteroduplexes led to the
identification of genetic loci involved in mismatch repair (Nevers and Spatz, 1975; Ryd-
berg, 1978; Radman et al., 1980; Pukla et al., 1983). The requirement for these gene
products, mutHLS and uvrD in Dam-dependent mismatch repai was subsequently
demonstrated through in vitro analyses using a system of complementation assays and
cell free extracts (Lu et al., 1983; Su et al., 1988). Lahue et al. (1989) subsequently
reconstituted the mismatch repai reaction in vitro consisting of purfied MutH, MutL,
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and MutS proteins, DNA helicase II, SSB (single-strand DNA binding protein), exonu-
clease I, DNA polymerase III holoenzyme and DNA ligase. Cofactor requirements
included ATP, NAD+ and the four dN' s (Lahue et aI., 1989). With this system, Lahue
et al. (1989) demonstrated that mismatch repai supports the correction of 7 of the 8 pos-
sible mismatched bases within a heteroduplex containing a single d(GA TC) site 1024
base pairs from the mismatch. Of the 8 possible mismatches, C/C was the only mismatch
not subject to significant correction (Lahue et aI., 1989).
A critical question about the polarty of repai was answered with the puried sys-
tem. When strand specific correction involved the un methylated d(GA TC) site on the 3'
side of the mismatch , separated by 1024 base pais in the 3' 5' diection , exonuclease I
catalyzed efficient correction (Lahue et al., 1989). When the un methylated d(GA TC) site
is on the 5' side of the mismatch, 3' 5' exonuclease I would have to excise 5416 base
pais to reach the mismatch in the 3' -5' diection. In this case, the correction efficiency
was only 20% of that observed when the unmethylated d(GA TC) site and mismatch
spanned the shorter distance (Lahue et aI., 1989). The generation of a such an excessive
excision tract would appear to be rather ineffcient and suggested that additional compo-
nents may be required. The additional requirements have recently been identified as
3' exonuclease VII and the 5' 3' RecJ exonuclease (Modrch , 1991). These
components confer bidiectional capabilty on mismatch repai since the system can sup-
port correction of a mispair in both hemimethylated configuations of a linear heterodu-
plex substrate (Modrch, 1991).
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Isolation and characterization of the mutS gene product.
The mutS gene of E. coli has been isolated and cloned into an expression vector
placing it under the control of a thermo sensitive P promoter (Su and Modrch, 1986).
Upon thermal induction, MutS protein was overexpressed and pured to near homo gene-
ity (98%) in a biologically active form as a 97,000 Dalton protein (Su and Modrch
1986). Although present as a dimer in solution, it is not clear what the aggregation state
of the biologically active form is since activity associated with MutS sedients on a
sucrose gradient as two peaks (Su and Modrch, 1986). The 97 kDa protein binds 
vitro to all eight possible mismatched base pais with varing affinities ranging from 39
nM for the Gff mismatch to 480 nM for the C/C mismatch (Su et al., 1988). The eight
mismatches tested, all within the same sequence environment, were placed into thee
classes based on MutS binding affinities. Gff and NC represent high affinity substrates
for MutS, NA, Trr, and G/G medium affinity, and NG, Cff and C/C represent the low-
est affinity substrates (Su et al., 1988). Moreover, binding of the heteroduplex substrates
by MutS did not require the presence of d(GATC) sites (Su and Modrch, 1986) and did
not bind significantly to homoduplex indicating the requirement for the presence of a
mismatch (Su and Modrch, 1986; Su et al., 1988). MutS footprints resultig from pro-
tection against DNase I cleavage reveal that MutS binds to substrate DNA in an asym-
metrc pattern that vares with the nature of the mismatch (Su and Modrch, 1986; Su et
al., 1988).
In general, the binding affinity of MutS to any of the eight possible mismatches
roughly correlates to its repai efficiency in vitro (Su et aI., 1988). However, several
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lines of evidence indicate that factors in addition to binding affinities influence the effi-
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ciency of repai. First, MutS binds to CIA mispais alost 8- fold greater than it binds to
Cff mispais, yet the correction efficiency in vitro is similar for both (Su et al., 1988).
Second, MutS protein bound with high affinity to 16-mer heteroduplexes containing
either Gff and CIA mismatched bases, whereas the affinity of MutS to the same 16-mers
containing the inverted form of the mismatched bases, TIG and NC, was significantly
lower even though these mismatched bases are efficiently corrected by the mismatch
repai system (Jircny et aI., 1988).
The Dam-dependent mismatch repai system of S. typhimurium is functionally quite
similar to the E. coli system in that correction of mismatches is methyl diected and
requires the gene products of mutHLS and uvrD (Pang et al., 1984). Furhermore, Haber
et al. (1988) have shown that S. typhimurium MutS can complement E. coli MutS in vivo.
The mutS gene of Salmonella typhimurium has been cloned and sequenced (pang et aI.,
1985; Haber et al., 1988), and Manovich et al. (1989) have stated that the nucleotide
sequence shares 94% homology with E. coli MutS. One interesting featue arsing from
the deduced amno acid sequence of MutS involved a region of 14 amno acids of which
13 share homology with the consensus nucleotide binding site (Waler et al., 1982) sug-
gesting that MutS protein may hydrolyze nucleotides (Haber et aI., 1988). S. typhimu-
rium MutS has since been puriied to near homogeneity with subsequent confIrmation of
the presence of a weak ATPase activity that hydrolyzes A TP to ADP and P (Haber and
Waler, 1991). A similar finding in E. coli MutS has also been reported (Griley et al.,
1990; Modrch, 1991).
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E. coli MutS, in the presence of ATP, stiulates the formation of alpha loop strc-
tures that contain protein bound at the DNA junction presumably adding support to the
strcture (Grilley et al., 1990; Modrch, 1991). Its formation is absolutely dependent on
the presence of a mismatch and requires the hydrolysis of A TP since the alpha loop is not
observed with homoduplex DNA or in the absence of ATP (Modrch, 1991). The binding
of DNA by MutS is independent of the presence of A TP since MutS binds to a mismatch
in the absence of A TP and protects about 20 base pais of DNA against DNase I cleavage
(Su and Modrch, 1986; Su et al., 1988). However, in the presence of ATP, which pro-
motes alpha loop formation, the area protected against DNase I cleavage decreases by
approximately two bases (Grilley et al. , 1989). Inclusion of the nonhydrolyzable ATP
analog, A TPy, furher reduces the area of DNase I protection (Grilley et aI., 1989). 
mutation within the A TP binding site of MutS, changing lys-622 to alanine, resulted in a
120 fold reduction in in vitro repair activity while retaning its abilty to recognize and
bind to mismatch containing substrates (Haber and Waler, 1991). Taken together, these
observations suggest that the ATPase function of MutS is involved in promoting the pro-
cess of repai past the point of mismatch recognition, possibly by fuellng a transport
mechanism that searches long stretches of DNA for an unmethylated d(GA TC) site.
Isolation and characterization of the mutH gene product:
The E. coli mutH gene has been cloned, sequenced (Grafstrom and Hoess, 1983,
1987), and isolated to near homogeneity (98% pure) in biologically active form as a
25,000 Dalton protein (Welsh et al., 1987). Analysis of MutH function has revealed the
presence of a weak Mi+ dependent 5' -d(GA TC)-3' specific endonuclease activity which
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makes an incision 5' to the dG on the unmethylated strand of a hemimethylated d(GATC)
sequence (Welsh et al., 1987). Since a nicked circular heteroduplex, produced by treat-
ment with MutH protein, can be restored to its covalently closed state by DNA ligase, it
was reasoned that MutH scission at d(GA TC) sites must give rise to 5' -phosphoryl and
hydroxyl termini (Welsh et aI., 1987). Substrates containing symmetrcally methy-
lated d(GA TC) sites are resistat to MutH activity, while unmethylated d(GA TC)
sequences are nicked on one strand or the other but at much reduced levels than that
observed with hemimethylated sites (Welsh et al., 1987). This property of MutH is
responsible for determning the strand selectivity or diectionality of repai.
The requirement for MutH in mismatch repai can be bypassed by the presence of a
nick in either strand of a heteroduplex devoid of d(GA TC) sites provided that the nick is
not resealed by DNA ligase (Langle-Rouault et al., 1987; Lahue et al., 1987, 1989). Cor-
rection of a covalently closed heteroduplex contaning a single d(GA TC) site required the
presence of MutH protein (Lahue et aI., 1987, 1989), while the presence of a nick either
at the d(GA TC) site or elsewhere on the molecule was sufficient to support repai in the
absence of MutH and DNA ligase (Langle-Rouault et al., 1987; Lahue et al., 1987, 1989).
Furhermore, efficient methyl-diected repai of hemimethylated heteroduplexes contain-
ing a single d(GA TC) site was observed in the purfied system, which included all the
components of mismatch repai except MutH and ligase, only after the heteroduplex was
pretreated with purfied MutH protein (Lahue et aI., 1989). In the presence of DNA
Ligase, mismatch correction of MutH-pretreated substrates was not observed unless
MutH protein was added to the purfied system (Lahue et al., 1989). The results of this
study confir that the function of MutH in mismatch repai is to recognize d(GA TC)
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sites and make an incision on the unmethylated strd.
A curous findig of Welsh et al. (1987) was that MutH exhibited a weak activity 
vitro since only 1 d(GA TC) site was incised per hour per monomer equivalent. Since
high concentrations of MutH had to be used in order to detect d(GA TC) strand scission 
vitro, it seemed unlikely that the estiated concentration of 20 molecules of MutH per
cell would be sufficient to support efficient mismatch repai (Welsh et al., 1987). Welsh
et al. (1987) suggested that a latent form of MutH might be activated upon formation of a
multi-component complex possibly involving other proteins and/or the DNA substrate, or
alternatively that the DNA substrate used in the study did not accurately imitate the
native substrate. A recent report has indicated that the latent MutH endonuclease activ-
ity can be enhanced 20 to 50 fold when in the presence of MutL, MutS, A TP, and an
appropriate heteroduplex substrate (Modrch, 1991). MutH activation is dependent on
ATP hydrolysis (Modrch, 1991).
Isolation and characterization of the mutL gene product:
Of the gene products of mutHL and S, the least understood is that of mutL. E. coli
MutL has been isolated and purfied to near homogeneity as a 70,000 Dalton protein
(Grilley et aI., 1989), a value which is in close agreement with the S. typhimurium MutL
(pang et al., 1985; Mankovich et al., 1989). MutL is present in solution as a dier, but
its biologically active state has not yet been determned (Grilley et al., 1989). The bio-
logical function of MutL in mismatch repair is not clear; however it appears to be
involved in at least two processes. First, MutL in combination with MutS, A TP and a
mismatch can significantly enhance the activity of MutH (Modrch, 1991). Second
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MutS protects about 20 base pais of DNA from DNase I cleavage (Su and Modrch,
1986; Su et al., 1988), but in the presence of ATP (or ATPy) and MutL the area of
DNase I protection increases to approximately 100 base pais (Grilley et al., 1989). This
suggests that MutL either interacts with the MutS/mismatch/A TP unit to form a nucleo-
protein complex or alternatively that it interacts with MutS prior to mismatch recognition.
Formation of this complex with concurent hydrolysis of A TP is then required for the
activation of MutH. In this context, Modrch (1991) has suggested that MutL acts as an
interface for communication between the nucleoprotein complex and MutH such that the
concurent hydrolysis of A TP fuels a transport mechanism that allows MutH to search for
a d(GA TC) sequence. How the signal is transduced between MutL and MutH is not
clear. In addition, the nature of the protein:protein and protein:DNA interactions as well
as the stoichiometr of the complex have yet to be identified.
Components of the excision and DNA resynthesis steps:
Although the exact role of helicase II in the mismatch repai process is unclear, it
likely enters the helix at the MutH induced nick (Runyon et al., 1990) and begins
unwinding the DNA duplex drven by the hydrolysis of A TP (Runyon and Lohman,
1989; for review see Matson and Kaiser-Rogers, 1990). Since helicase II translocates in
the 3' -5' diection (Matson, 1986), Runyon et al. (1990) have suggested that MutH, after
makng an incision, may act as a clamp at d(GA TC) sites to ensure that helicase II trans-
locates in the proper diection, therefore conferrng additional diectionality to the repair
process. This idea is intrguing from the view point that MutH stabilzation of the nicked
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d(GA TC) site would also discourage religation of the nick by DNA ligase, an idea con-
sistent with recent observations using the pured system in vitro (Lahue et al., 1989). In
addition, Modrch (1991) has suggested that the MutS/MutL/ATP/mismatch complex
may serve to promote the entr of excision proteins following d(GA TC) site incision by
MutH.
The unwinding of duplex DNA by helicase II produces regions of single stranded
DNA that rapidly renatue unless coated with SSB protein (for review see Meyer and
Laine, 1990). SSB is an essential component of mismatch repair since repai activity 
vitro is severely reduced in extracts made from ssb- cells or by the addition of anti-SSB
IgG to ssb+ extracts (Lu et al., 1984). The requirement for SSB in the reaction has since
been confined by Lahue et al. (1989), using the purfied system in vitro.
Three processes involved in repai are markedly enhanced by the presence of SSB
(Meyer and Laine, 1990). First, DNA unwinding by helicase II is drven by SSB protein
presumably by preventing reannealing. Second, SSB coating single stranded regions of
the nick contaning strand are sensitized to the single strand specific exonucleases since
SSB coated ssDNA prevents renaturation thus exposing SS-termnus to the appropriate
exonuclease (Meyer and Laine, 1990). Exonuclease I removes the excision tract in a
3' -5' diection , while either exonuclease VII or the RecJ exonuclease remove the exci-
sion tract in 5' 3' diection (Lehman and Nussbaum, 1964; Chase and Richardson 1974
1977; Lovett and Kolodner, 1989) implying that the excision process possesses the
potential to be bidiectional. This is supported by the finding that the repai tract typi-
cally spans the shortest distance between the d(GA TC) site and the mismatch in either
diection (Su et aI., 1989; Modrch, 1991). Third, SSB stabilzes the ssDNA template 
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removing areas of secondar strctue, therefore increasing processivity and replicational
fidelity of DNA polymerase III holoenzyme (Meyer and Laine, 1990).
Resynthesis of the repai tract requires DNA polymerase III holoenzyme, and in
parcular the 't and y subunits (Mak and Kornberg, 1988) since extracts prepared from
dnaZ (Ts) strains fail to support repai of heteroduplexes in vitro at the non-permssive
temperature (Lahue et al., 1989). The addition of purfied DNA polymerase III holoen-
zyme to the extracts restored efficient repai of the heteroduplexes (Lahue et al., 1989).
DNA ligase, requirng NAD+ as cofactor, is responsible for restoring the substrate
molecules to their covalently closed state (Lahue et al., 1989).
Summary of model for Dam-Dependent Mismatch Correction:
As depicted in Figure 1 , initiation of mismatch correction begins with the recogni-
tion and binding of an appropriate mismatch by MutS protein. In the presence of A TP
formation of alpha loop strctures ensue with strctural support provided by protein,
presumably MutS, bound to the DNA junction. The association of MutL with the com-
plex and subsequent hydrolysis of A TP activating MutH trggers a search for an unme-
thylated d(GA TC) site. MutH makes an incision 5' to the d(GA TC) site on the
unmethylated strand of a hemimethylated substrate and presumably stabilzes the nick
and faciltates the entr of helicase II. Moving towards the mismatch in a 3' - 5' diection
helicase II unwinds the helix which is subsequently bound by SSB protein. The appropri-
ate exonuclease (I, VII or RecJ) removes the excision tract using the shortest distance
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Model for Methyl-Directed Mismatch Repair
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MutH incision at 
unmethylated d(GATC) Sit
3' 
5' 
-- 
Exonuclease VII or 5' --3'
RecJ exonuclease
3' 5'--
3' 
5' --............................
exonuclease I
3' --5'
'''''.''''''''''''''''''.''''.'''.
C!-
Excision
DNA helicase II
SSB5' 3' 3' 
Resynthesis
DNA polymerase II
SSB
DNA ligase 
Dam methylation
between the d(GA TC) site and the mismatch. DNA polymerase il holoenzyme resyn-
thesizes the repai tract in a 5' -3' diection, and DNA ligase completes the process by
restoring covalent continuity.
Mismatch rrecti n and Genetic ecombin tion
The very natue of recombination implies that mismatched base pais form within 
recombination intermediate simply as a consequence of allelic differences in homologous
regions between the donor and recipient strains. The processing of recombination inter-
mediates by the mismatch repai system has been demonstrated by Feinstein and Low
(1986). Hfr crosses involving two markers (hisF860 hisF818) in which the recipient
strains were also defective in mismatch repai, due to mutHLS or uvrD mutations, were
found to significantly increase the frequency of recombination. Since this effect is not
observed in mismatch repai proficient recipient strains, it indicated that the mismatch
repai system processes recombination intermediates in favor of the host (invaded) strand.
This observation is in general agreement with other studies (Jones et al., 1987; Shen and
Huang, 1989).
Radmn (1989) has referred to this phenomenon as "antiecombination" and pro-
posed that mismatch repair serves to ensure that strand exchange results in homologous
sequences such that the genotype of the invading strand is converted to that of the
recipient strand. With this in mind, it could be predcted that genetic recombination, in
addition to host specific restrction systems, presents a formdable barer to interspecies
recombination. This has proven to be the case since conjugative matigs between E. coli
Hfr donor and the recipient S. typhimurium strains, which are either 
mutH, L S or
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uvrD, lead to an increased frequency in intergenic recombination (Rayssiguier et aI.,
1989). The increased frequency of recombination is approximately 1 000-fold greater
than that detected when the recipient strain is mismatch repai proficient (Rayssiguier et
al., 1989). In addition, this study showed that the mismatch repai system can efficiently
process recombination intermediates with up to 20% divergence, which represents the
approximate difference in DNA sequence between E. coli and S. typhimurium (Rayssigu-
ier et al., 1989).
F. Mismatch S ecific Re air Pathwa s: Very Short,fatch Repai (VSP) and MutY.
At least five mismatch specific repai pathways have been identified in E. coli.
Three of these were discussed earlier and include uracil glycoslyase, and the MutT and
MutM pathways. Therefore, the following discussion wil focus on the two remaining
pathways: VSP repai and the MutY system. The MutY pathway, as is the case for MutT
and MutM, is involved in preventing G/A mispairs, albeit by a different mechanism than
MutT and MutM. VSP repair, on the other hand, is specific for Gff mispais located
within a specific sequence context. These repai systems produce excision tracts of less
than 10 bases and they all promote correction of the mispai back to a G/C base pair.
VSP Repair Pathway: Margaret Lieb (1983) fIrst demonstrated the existence of very
short patch mismatch repai by performng genetic crosses involving the am6 allele of the
A. c/ gene and closely linked markers. The generation of c/+ progeny was much greater
than expected since the thee crossover events required to generate cr recombinants
occured at a frequency greater than single crossover recombinants (Lieb, 1983). This
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high negative interference was the result of localized repai since markers within 20 base
pais of am6 were not co-converted (Lieb, 1983). VSP repair is mismatch and sequence
specific since it corrects the T in Gff mispais within the recognition sequence for DNA
cytosine methylase (Dcm), 5' -CCNGG-3' (N = A or T), or the related sequences CNGG
and CCNG (Lieb, 1983, 1985; Lieb et al., 1986). The inner most cytosine (in bold print)
in these sequences can be converted to thymine either as a result of allelic diferences in
recombination (i. e. am6), or as a result of deamnation of 5-methylcytosine to thymine
within the Dcm recognition sequence. In each case, VSP removes the thymine from the
Gff mispair and restores the G/C base pai creating an excision tract of 2 to 10 bases
(Lieb et aI., 1986).
The VSP repai pathway requires DNA polymerase I (Dzidic and Radman, 1989)
and the gene products of mutL and mutS (Lieb, 1987). Surrisingly, Lieb (1987) also
suggested that Dcm methylase played a diect role in repair based on the observation that
a strain of E. coli containing a mutation in the dcm gene, dcm6 (Marnus, 1973), fails to
support VSP repai. However, it was subsequently determned that Dcm methylase was
not required for VSP repair and that the dcm- alele mutates both dcm and vsr (see
below) as determned by several observations. First, plasmids caring the gene codig
for EcoRII methylase, which acts on the same sequence as Dcm, failed to restore VSP
repai to the dcm- mutant while plasmids carg a wild type copy of dcm restored VSP
to normal levels (Lieb and Bhagwat, 1988). Since the cloned region of chromosomal
DNA contaning dcm was 11 kbp, there existed the possibilty that a gene, whose product
may function in VSP repai, might be closely linked to dcm. Second, analysis of DNA
sequences flanng dcm showed that an ORF overlapped dcm by seven codons, and that
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both are transcribe from the same promoter but in dierent reading frames (Bhagwat et
al., 1988; Sohail et al., 1990). Deletion of par of the ORF not afecting the dcm coding
region gave rise to a strain that was dcm but deficient in VSP repai, while deletion of
par:of dcm not affecting the ORF was VSP proficient but dcm (Bhagwat et al., 1988;
Sohail et al., 1990). This indicated that Dcm is not required for VSP repai, but that the
18,000 Dalton protein encoded by the ORF, referred to as Vsr, is essential for VSP repai.
The V sr protein has recently been identified as an endonuclease that is both mismatch-
dependent and strand-specific in that it makes an incision 5' to the T in Gff base pais
within the VSP sequence (Hennecke et aI., 1991).
The biological activity of V sr protein relative to its involvement with MutS and
MutL in this repair process is not clearly defined. In fact, recent observations have raised
questions about the requirement of MutL and MutS in VSP repai. First, overexpression
of V sr can overcome the requirements for MutL and MutS (M. Lieb, unpublished data,
1990). Second, V sr recognizes and makes a strand specific incision at the site of the mis-
match in the absence of MutL and MutS (Hennecke et al., 1991). One possible role for
MutS and MutL in VSP repai might be as regulatory components. Alternatively, the
data that originally implicated MutS and MutL as essential components in VSP repai
may have been genetically flawed. A definitive answer must wait until VSP repai is
reconstituted in vitro with its purfied components.
Mut Y Repair Pathway: The existence of a second small patch repai pathway specific
for the correction of G/ A transversion mispairs was observed using cell free extracts 
vitro with the finding that the correction of G/A mispais to G/C was largely independent
Page 33
of Dam-dependent mismatch correction and sequence context (Su et al., 1988; Lu and
Chang, 1988). A mutator locus, mutY (also known as micA), has been identified at 64
minutes on the E. coli genetic map which produces G/C to T/A transversion mutations
(Nghiem et al., 1988; Radicella et al., 1988; Tsai-Wu et al., 1991). Furhermore, in vivo
and in vitro correction of heteroduplexes contaning a G/A mispai has been demon-
strated using E. coli strains wild tye for the mutY locus, but deficient in Dam-dependent
mismatch repai indicating that this repai pathway was independent of methyl-diection
and the gene products of mutHL and S (Radicella et al., 1988; Au et aI., 1988). Con-
versely, no correction was observed when both Dam-dependent mismatch repai and the
mutY gene were inactivated (Radicella et aI., 1988; Au et al., 1988). Restoration of the
G/ A repair pathway to a mutY strain can be demonstrated by cQmplementation with a
plasmid bearng a wild type copy of the mutY gene (Michaels et al., 1990).
Lu and Chang (1988) demonstrated the presence of a binding protein in cell free
extracts of E. coli specific for the G/A mismatch since it does not bind to any of the other
seven possible mismatched base pais. Closely associated with this NG binding protein
(AGP) was an endonuclease activity that makes simultaneous incisions at the fIrst phos-
phodiester bond 3' to and the second phosphodiester bond 5' to the dA of the G/A mis-
match (Lu and Chang, 1988). More recently, Au et aI., (1989) have reported the isolation
and near homogenous purfication of a 36,000 Dalton MutY protein that catalyzes the
removal of adenine in G/ A mismatches by cleaving the glycosidic bond producing an
abasic site. However, in contrast to Lu and Chang (1988) no associated endonuclease
activity was detected in the purfied MutY preparation (Au et al., 1989). In addition
when the MutY repair pathway was reconstituted in vitro, it required the addition of AP
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endonuclease II (isolated from HeLa cells) in addition to MutY protein, DNA polymerase
I and DNA ligase for successful correction of the G/ A mismatch indicating that MutY
and the nicking activity of Lu and Chang (1988) are probably separte entities (Au et al.,
1989). The processing of the MutY induced abasic site is not presently understood; how-
ever it is possible that the nicking activity observed by Lu and Chang (1988) may repre-
sent the required activity.
G. Statement of the Problem.
At the time that this thesis work began, very little was known about the repai of
inserton/deletion heterologies by the Dam-diected mismatch repai system. Dohet et al.
(1986) had provided the fIrst diect evidence for mismatch repai of one base inserton-
/deletion heterologies, but repai of insertion/d letion heterologies larger than this had not
been determned. I chose to investigate the Dam-dependent mismatch repai system and
its role in the recognition and repai of inserton/deletion heterologies. This is discussed
in more detail in the Introduction to Chapter 3.
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A Simple and Rapid Method to Obtain Substitution
Mutations in Escherichia coli: Isolation of a dam
Deletion/Insertion Mutation.
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SUMMARY
We describe the isolation of a strai of Escherichia coli bearg a deletion/inserton (i.e., a substitution
mutation) in the dam gene (dam- 16). The mutagenesis protocol used should be applicable to any cloned
non-essential gene of E. coli. The substitution mutation confers resistance to kanamycin and can easily be
transferred to other strais by standard genetic techniques. The amount of Dam methyltransferase (MTase)
in dam- 16 strains as detennned eiher in vitro or in vivo is below the level of detection. We conclude that the
Dam MTase is not required for viability of E. co/i.
INTRODUCTION
The dam gene of Escherichia coli specifes a DNA
adenine methyltransferase (MTase), which modifes
adenine residues in 5' - G A TC- 3' sequences in
Correspondence 10: Dr. M.G. Marinus , Deparment of Ph ana-
cology, University of Massachusetts Medical School , 55 Lake
Avenue , Worcester, MA 01655 (U. ) Tel. (508)856-3330.
Abbreviations: aa , amino acids; Ap, ampicilln; 2-AP, 2-amino-
purine; bp, base pair(s); Cm, chloramphenicol; CGSC, E. coli
Genetic Stock Center, Deparment of Biology, Yale University,
New Haven CT 06510 USA; dam gene coding for Dam; Dam
DNA adenine methyltransferase; Del or .1, deletion; Hfr, high-
. 0378. 1 1 19/88/S03.50 \C 1988 Elsevier Science Publishers B.V. (Biomedical Division)
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double-stranded DNA (Marus, 1984; I 987a,b).
The Dam MTase is the only enzyme in E. coli known
to modify ths sequence. The dam- (Marus and
Morrs, 1973) and dam-4 (Marnus and Konrad,
1976) mutations have been used extensively and
frequency chromosome transfer; kb, kilobase(s) or 1000 bp; Km,
kanamycin; m A, N"-meth)hdenine; MNNG, N-methy1-N'-
nitro-N-nitrosoguanidine; r.lTase, methyltransferase; Mud,
defective Mu phage; Oc, ochre; oriC, origin of E. coli chromo-
some replication; PO, point of origin of Hfr transfer; R
resistance; s , sensitivity; SDS, sodium dodecyl sulfate; Sm,
streptomycin; SSC, 0. 15 M NaCI, 0.0015 M Na) . citrate , pH 7.
, transposon; :: , novel joint (fusion); (), designates plasmid-
carrier state.
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were isolated afer MNNG and ethyl methane sul-
fonate treatment, respectively. Strais containing
these two mutant aleles do not contai detectable
DNA adenine MTase activity in vitro (Marnus and
Morrs , 1973; Marus and Konrad , 1976) or in vivo
(Lacks and Greenberg, 1977; Bale et al. , 1979). An
initial observation that there was residual enzyme
activity in vivo (Marnus and Morris, 1973) was
subsequently shown to be due to contaminating m
from RNA (Bale et al., 1979).
Two other mutant alleles were obtained by inser-
tion of MudI (lac ) and Tn9 into the coding
region of the dam gene to give dam- 12 and dam-
respectively (Marus et al., 1983). Analysis by
DNA hybridization (Southern, 1975) veried that
the dam gene had been disrupted by the Mud inser-
tion (Marus et al., 1983). Cells containing these
insertions did not contai detectable DNA adenine
MTase activity in vitro or in vivo. Since insertions in
the coding regon are expected to produce an inactive
protein these results led to the conclusion that the
dam gene product was not essential for viabilty
(Marus et al., 1983).
In contrast to the above, Smith et al. (1985) using
a diferent technique detected residual Dam methyla-
tion in strais contaiing al the dam mutant aleles
described above. The residual methylation was
preferentialy located at the oriC region as deter-
mined by the abilty of varous restrction endo-
nucleases (DpnI, which cuts at methylated sites;
MhoI which attacks unmethylated sites and Sau3A,
which cleaves at both methylated and unmethylated
sites) to digest oriC plasmid DNA extracted from
Dam - cells. In contrast, Szyf et al. (1982) showed
that there was no detectable DNA adenine methyla-
tion in the oriCregion of a dam- strain as determed
by DNA hybridization (Southern, 1975) using an
oriC probe after digestion of DNA with DpnI 
Mho!.
The results described above can be explained by
assuming that either another MTase exists in E. coli
which preferentially modifes some dam sites at oriC
or that there is residual Dam MTase activity in al
dam mutants. To clary the situation , we decided to
isolate a dam deletion mutation which if obtaied
would rule out the possibility of residual Dam
activity.
EXPERIMENTAL AND DISCUSSION
(a) Strategy
We have isolated a strai with a substitution muta-
tion in the dam gene in two steps. First, a drug
resistance gene was substituted for par of the dam-
coding region in a plasmid, and second, the sub-
stitution mutation was recombined into the E. coli
chromosome. In order to transfer mutations from a
plasmid to the chromosome, integation of plasm ids
with ColEl origis of replication into the chromo-
some of polA mutants is often used (Gutterson and
Koshland , 1983). This method , however, yields a
duplication of the recombined gene and also because
dam polA strais are non-viable (Marus and
Morrs, 1974), this approach was not used. In a
previous study (Marus et al. , 1983), we circum-
vented this difculty by transfonning recD recC shcD
multiple mutants with liearzed plasmid DNA in
order to isolate the dam- l3: :Tn9 derivative. In the
current study, we describe a gene replacement tech-
nique which is as simple and can be used for most
cloned non-essential genes.
(b) Isolation of the chromosomal substitution muta-
tion
To isolate a deletion in the dam gene on a plasmid,
we used pMQI33 which contais the 854-bp dam
gene in a 1.85-kb fragent of chromosomal DNA
(Fig. I). The dam gene contains unique EcoRV and
HpaI sites. The 500-bp EcoRV-HpaI fragment was
removed from pMQI33 and replaced with a l.-
fragment of DNA coding for KmR derived from
Tn903 (Oka et al., 1981; a gi ofM. Susskid via 
Poteete) to yield plasmid pMQI92 (Fig. 1). Since the
dam promoter region is intact in pMQ192, a trn-
cated polypeptide should be produced containing the
54 N-tenninal aa plus two additional out-of-frame aa
residues.
Plasmid pMQI92 was introduced into an Hfr
strain (KLl4) which transfers the dam gene as an
early marker. Within this population , recombination
should occur such that the dam- 16 allele from the
plasmid replaces the dam gene on the chromosome
(Fig. 1). We detected such recombinants afer mating
with an appropriate F - recipient by selecting for
cells which were Dam - and Cm . The fre-
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(c) Characterization of the dam-16 mutation
If the dam- 16 alele has been recombined into the
chromosome, then the Dam - and Km phenotypes
should co-segregate in genetic crosses. A previous
study (Marus, 1973) has shown that dam is closely
linked to trS and aroB. We prepared a PI vir lysate
on GM3819 ldam- 16) and transduced lrpS10330-
and aroB354-contaig strais to prototrophy. The
results in Table I indicate that the frequency of Km R
likage to aroB (89%) and trS (91%) is that
expected if the mutation is located in the dam gene.
To monitor the Dam phenotype of the transductants
we screened the isolates for sensitivity to 2-AP and
for susceptibilty of chromosomal DNA to Mhol
TABLE I
Plasmids and strains of E. coli 12 used in this study
Strain Sex
AB2847
KL14 Hfr(P068)
GM2806 Hfr(P068)
ABll57
Genotype Source
HI. (Dam
GM3819 F-
aroB351 mal-354
ISx-354
Ihi- I relA 
KL14(pMQI92)
/hr- I ara- 14 leuB6
J( gpl-proA )62
/acYl ISx-
suE44 galK2
hiG4(Oc) rj-
mgl-51 rpsL31
kdgK51 xyl-
md- I argE3 Ihi-
As AB 1157 but Ths study
dam- I6(Del; KmI1SI0330 CYanofsky
Fig. I. Construction of a chromosomal substitution mutation in
the dam-gene. (a) Plasmid pMQI33 was digested with EcoRV-
Hpa I and the 500-bp fragment so generated replaced with a
I.I-kb fragment conferrng Km resistance. The resulting plasmid
pMQ192, was transferred to strai KLI4, an Hfr cell which
transfers the dam-gene as an early marker. (b) Recombination
between plasmid and chromosome can generate a recombinant
in which the chromosomal allele has been replac by that on the
pt Such recmbinants can be detected upon subsequent
tranfer of !b maer to a sutable recipient cell.
quency with which such recombinants arse should
be lower than that due to co-integrate formation
between the whole plasmid and the chromosome
(Park and Hazelbauer, 1986). Afer matig, the
co-integrates wi yield cells which are Km , Cm
and Dam + . Hence, these can easily be diferentiated
from the desired recombinant class.
Accordingly, Hfr GM2806 (Sm ) at 10 cells/ml
was mated with the F- strai AB1l57 (Sm ) at
cells/ml for 2 h , blended on a vortex mixer for
1 min , and plated on medium selective for Km
R recombinants. The frequency of KmR Sm
colonies was 10 - 4 per input Hfrcell. Of 214 colonies
analyzed, two had the desired phenotype (Km
Dam - Cm ). One of these was designated GM3819
(dam- 16). The remainder had the phenotype Km
Dam + Cm , as expected from recombinants arsing
by co-integrate formation.
CGSC
K.B. Low
Ths study
A. Adelberg
TrpS
Plasmid Description
pMQ\3 A 6. kb plasmid containing (i) the dam gene of E. coli
on a 1.8-kb PSI Sail fragment, (ii) a 1.9-kb Psil
fragment from Tn9 conferrg resistance to Cm , and
(iii)the larger Sail-PSI 1 fragment ofpBR322 (Fig. ta).
As pMQI33 but deleted for the EcoRV-Hpal frag-
ment within the dam gene which has been replaced
by a LI-kb fragment conferrng resistance to Km
(Fig. la).
A derivative ofpBR322 containing a Ll-kb PSII frag-
ment conferrng resistance to Km cloned into the PSI 
site of pBR322.
A derivative ofpBR322 containing the EcoRV-Hpal
fragment of the dam gene cloned into the EcoRV site
of pBR322.
pMQI92
pMQI93
pMQ195
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digestion. In every case Km recombinants were
Dam
Extracts of GM3819 (dam- 16) contaied no
detectable Dam DNA MTase activity (less than 1 %
of the wild-type activity as determed by the method
described previously; Marnus and Morrs, 1973)
using Dam - unmethylated pBR322 DNA as sub-
strate. In addition , there was no detectable m A in
DNA in vivo as detennined by the method of Bale
et aI. (1979). Furtennore, chromosomal DNA iso-
lated from GM3819 was digested with Sau3A and
MboI but not with DpnI, whereas DNA from
ABl157 was digested with Sau3A and DpnI but not
MboI (data not shown). In sum, we could detect no
Dam methylase activity either in vitro or in vivo in
GM3819 (dam- 16).
Lack of Dam activity should correlate with loss of
the EcoRV-HpaI portion of the dam gene in dam-
mutants. Fig. 2 shows that the dam EcoRV-HpaI
23.
fragent from pM Q 195 (Table I) does not hybridize
to digested DNA from strai GM3819 (dam- 16), but
does anneal to digested DNA from AB 1157 (dam 
TABLE 11
Distrbution of markers in transductional crosses involvig
dam- , aroB and rrS'
Cross Selected markers Unselected markers
AroB + TrpS + Dam
dam- 16 aroB354
dam- 16 x rrSI0330
I()% 89% 89%
91% 91%100%
. API vir lysate of GM3819 (dam- 16; ) was prepared and
used to transduce aroB and rrS mutants to prototrophy. One
hundred prototrophic recombinants from each cross were then
scored for Km and the Dam phenotyp. Dam mutants are more
sensitive to 2-AP than wid-typ strais and their DNA is
digested by Moo 
"cO frfj:
,. . . . ,. ";.\
0.' .
. .. . '.', ' .
- 'Y"""'_""H- ;J.
' -. . .: . ; - '
l .
...- ' - .
Fig. 2. Southern blot analysis of the chromosomal dam gene region. Panel A: DNA was isolated from AB1l57 
(dam (lanes I, 3 , 5)
and GM3819 (dam. 16) (lanes 2, 4, 6), digested with Sail , 2), Kpnl (3, 4) or EcoRI (5, 6) and electrophoresed in 1% agarose. After
transfer to a nitrocellulose membrane the chromosomal DNA was probed with the pured 
(J2P)EcoRV-Hpal fragment from pMQI95
for 18 h at 62" C (Southern, 1975). Following hybridization, the membrane was washed several times in 2 x SSC-SDS solution at 42"
prior to autoradiography. Numbers at the left margin indicate (in kb) the positions of end-labeled HindlI fragments of phage .\ DNA.
Panel B: the membrane used in Fig. 2A was washed in 0.4 M NaOH at 42"C for 30 mi followed by an 2 x SSC-SDS wash to remove
the probe used in panel A. The membrane was subsequently reprobed with a labeled 
Pstl fragment from pMQI93 which contais the
R determinant followed by 2 x SSC-SDS washing and autoradiography. The 0.5 kb Sail fragment in lane 2 is not apparent in this
exposure but is shown in panel C in a longer exposure from an identical experiment. The source of this fragment is not clear; there are
no internal Sail sites in the gene for KmR derived from Tn903 (Ok a et al., 1981).
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Conversely, the DNA fragent conferrg 
from pMQ193 (Table I), hybridizes to digested
DNA from GM3819 (dam- 16) but not to that from
AB 11 57(dam
+ ).
We found that the phenotypes we have monitored
in dam- 16 strais are simlar to those described for
other dam mutants (Marus , 1985; 1987 a,b). These
include: sensitivity to AP and MNNG; increased
spontaneous mutation frequency; non-viabilty of
dam- 16/exA3 double mutants , and derepression of
su/ 
: : 
/acZ and trpR 
: : 
/acZ fusions.
(d) Conclusions
We have described a useful and rapid method to
faciltate gene replacement in E. coli which does not
require the use of poLA strais or other specialized
methods (e. , Raibaud et aI. , 1984). We also fmd
that cells bearng the dam- 16 allele are devoid of
Dam methylase activity which confIrms our previous
conclusion that Dam activity is dispensable for via-
bilty (Marus et aI. , 1983). Ifresidual Dam methyla-
tion at oTiC in dam- 16 strais can be demonstrated,
it must be due to some other MTase that is specifc
for Dam recognition sites at oTiC.
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CHAPTER 2
MATERIALS SUPPLEMENT
Southern Blot Procedure. 051lg ofGM3819 (dam and wild type GM550 chromo-
somal DNA (Smith, 1967) was digested overnight with SaII, KpnI and EcoRI at 37
Each digest was electrophoresed in a 1 % agarose gel (Sea Kem) in T AE buffer (40 mM
Tris-CI pH 7.8, 1 mM EDTA) at 25 C. Lambda DNA was digested with HindII and
radioactively labelled with 32 dA TP to use as a size marker. After electrophoresis, the
gel was incubated for 30 minutes at 25 C in a solution containing OAN NaOHlO.
NaCI to denature the DNA fragments. The gel was neutralized in a solution of 1.5M
NaCljO.5M Tris-HCl (pH 7.5) at room temperatue, and the DNA fragments were subse-
quently transferred to a "Hybond-C extra" nitrocellulose membrane via capilar transfer
in lOX SSC (1.5M NaCl, 0. 15M Na-Citrate, pH 7.4). The blot (membrane) was removed
and washed for 1 minute in OAN NaOH to maximize denaturation of immobilzed DNA.
Excess NaOH solution was rinsed from the blot with 0.2 M Tris-HCI (pH 7.5) and 2X
SSC (0.3 M NaCl, 0.03 M Na-Citrate), and the membrane was baked at 80 C for 1.5
hours to permanently fix the DNA to the membrane.
Pre- hybridization: Eighteen m1 of prehybridization solution of 50% deionized forma-
mide, 1% SDS, 1M NaCl, 10% dextran sulfate, IX Denhardt's reagent (lOOX = 2%
Fico1l400, 2% BSA, 2% polyvinylpyrolidone) was added to a "Seal a Meal" bag
containing the blot and allowed to incubate approximately 17 hours in a water bath at
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C with moderate agitation.
Preparation of the radioactively labelled DNA probe: A. dam rob . pMQ195 was
digested with EcoRV/HpaI (Table 1) and electrophoresed on an 0.8% low melt agarose
gel (Sea plaque) in TBE (90 mM Tris-borate, pH 8.3, 1 mM EDT A). A 500 base pair
restrction fragment, which represents the dam gene, was excised from the gel and iso-
lated using "NACS Prepac" mini-columns according to the manufacturer s instrctions.
The restrction fragment was ethanol precipitated, dred, resuspended in 30 1.1110 mM
Tris-HCl (pH 8.0) and labelled with (a- P)dCTP (3,000 Ci/mmole) accordig to the
manufacturer s instrctions (Oligolabeling Kit, Pharacia). Briefly, 60 ng of DNA probe
(60 nglJl) was added to 29 Jl dH 0, heated to 100 C for 10 minutes and slow cooled for
15 minutes at 37 C. After the addition of reagent mi (dATP, dGTP, dTTP, pd(N)6' Kle-
now buffer), BSA and 50 IlCi (a- P)dCTP, Klenow fragment (8 units) was added and
incubated for 2 hours at 37 C. Unincorporated (a- P)dCTP was removed using
Sephadex G-50 DNA grade mini spin columns (Pharacia). B. Kan cin robe. This
follows the same procedure as that outlined above except that pMQ193 (Table I) was
digested with PstI to yield a 1.1 kb kanamycin restrction fragment.
Blot-Hybridization: A 2 ml hybridization solution was prepared by adding the radioac-
tively labelled denatured DNA probe (0.25 ml, typically 1.0 x 10 cpm) to a solution with
a final concentration of 50% formamde, 2.5 mglml sonicated salmon sperm DNA, and
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25 m1 of the pre-hybidization solution describe above. The probe solution was added
to the "Seal a Meal" bag containing the pre-hybridized blot and incubated for approxi-
mately 18 hours in a 42 oC water bath with moderate shakg.
Preparation of membrane for autoradiography: The blot was rinsed with 2X sse
followed by two consecutive 10 minute washings in 2X SSC with gentle agitation at
250C. The blot was washed twice for 30 minutes in a 500 m1 solution of 2X SSC and
0% SDS at 62 C, and two additional times for 30 minutes in 500 m1 solution of O.
SSC at 25 C. The blot was dred on fiter paper and placed on 14 X 17 cm X-OMA T
film with an intensifying screen for 20 hours.
NOTE: In the legend for Figure 2, line 4 should read "for 18 h at 42 C" rather than "for
18 h at 62
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CHAPTER 3
The Development of an in vivo Transformation System to
use in Evaluating the Correction of Insertion/Deletion
Heterologies by Escherichia coli.
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INTRODUCTION
As discussed in Chapter 1 , the Dam-dependent mismatch repai system of Escheri-
chia coli repais DNA contaning base:base mispairs at efficiencies that vary with both
the nature of the mispai and the DNA sequence environment within which the mispair
resides (Kramer et al., 1984; Wagner et al. , 1984; Dohet et aI., 1985; Wood et al., 1986;
Jones et al., 1987; Lu and Chang, 1988; Su et al., 1988; Lahue et al., 1989). Unlike
base: base mispais, the repai of small heterologies by Dam-dependent mismatch repai
was an area that had received little attention. Of the reports in the literature that had sug-
gested that Dam-dependent mismatch repair could correct + 1/- 1 frame shift mutations
(Siegel and Kamel, 1974; Siegel and Vaccaro, 1978; Skopek and Hutchinson, 1984), only
one had provided diect evidence (Dohet et al., 1986). Furermore, mismatch repai of
inserton/deletion mutations larger than one base had not been investigated. Therefore, I
decided to investigate the E. coli Dam-dependent mismatch repai system and its role in
the repair of inserton/deletion mutations. Specifically, I was interested in determning
the maximum size of insertion/deletion mutations that could be recognized and repaied.
To investigate the repai of insertion/deletion mutations, heteroduplexes containing
deletions of varous lengths were constrcted by annealing together two strands of DNA
that differ only in that one strand contains the complete DNA sequence (wt) and the other
strand contains a deletion of defined length. The repair of these heteroduplexes was eval-
uated after transformation of mismatch proficient and deficient strains of E. coli. Two
different assays were used to score for repai; the Omnt plasmid system and the much
superior mnt structural gene system. The mnt operator system scored for repair on the
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basis of sensitivity or resistance to tetracycline. However, as a result of numerous exper-
imenta and technical problems, this system was subjected to major modications. These
modifications gave rise to the mnt strcturl gene system (or simply mnt system) which
scored for repai on the basis of colony color on MacConkey/lactose agar. A more com-
plete description of the two systems, the problems, and where appropriate, the solutions
to those problems, are presented below.
MA TERIALS AND METHODS
Plasmid, Phage and Bacterial Strains. The f1 bacteriophage R408 was a gift from
Dr. M. Russel (Russel et al., 1986). A GMllO contans a mnf::lacZ operon fusion. Plas-
mid pPY97 has been described by Rewinski and Marnus (1987) and in Figure 1. Plas-
mids pMQ143, pMQ144, pMQ250-253 are identical to pPY97 except that they contain
deletions within the mnt operator (Figure 2.): pMQ143 = 15 bp deletion (-34 to -48),
pMQ143 = 1 bp deletion (-43), pMQ250 = 2 bp deletion (-43 to -44), pMQ251 = 4 bp
deletion (-47 to -50), pMQ252 = 5 bp deletion (-38 to -42), pMQ253 = 7 bp deletion (-
to -46). The numbering system is that described in Rewinski and Marnus (1987). Plas-
mid p4349 is identical to pPY97 except that it contans a 1 bp inserton between nucleo-
tides 62- 63 of the mnt gene (mnf). E. coli strn GM1690 (GM3819, but containing F42
(F- lac)) is described in Chapter 2 (parker and Marnus, 1988). GM856 is AB 1157
(described in Chapter 2) but recFl43, and was used to prepare plasmid DNA methylated
at d(GATC) sequences. GM4159 is pPY97/GM1690 and is used to produce single strand
pPY97 DNA that was unmethylated at d(GATC) sequences. GM1166 is end A thi-
hsdR17 supE44 (Caraway et al., 1987); GM3856 is as GM1166, but mutH::Tn5,
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GM4719 is as GM1166, but mutL::Tn5, GM4331 is Fthr- l fJ(lac-pro)xm tsx-33 supE44
galK2 hisG4(Oc) rj- l mgl-51 rpsL31 kdgK51 xyl-5 mtl- l argE3 thi- (A. GM110) and
GM4348 is as GM4331 but mutL::Tn5 stu (Connolly and Winker, 1989).
Isolation of Single-Stranded DNA. Five m1 of Brain Hear media was inoculated with
an isolated colony of E. coli strain GM4159 (GM1690 freshly transformed with pPY97)
and incubated overnight at 37 C. Each 5 m1 overnight culture of GM4159 was added to
1 liter of Brain Hear Infusion Broth (Difco; 20 g per liter), 60 g/m1 ampicilli, 20 g/m1
kanamycin and 1 m1 of R408 f1 phage suspension (titer of about 1 x 1011 p. u./ml). The
cultures were incubated at 37 C with aeration (200 rpm) overnight. Following incuba-
tion, the cultures were transferred to 1 liter centrfuge bottles and spun at 5,000 rpms for
30 minutes in a Sorvall RC-3 centrfuge. The supernatant was transferred to a clean 1
liter centrfuge tubes containing 36 gm PEG 8000 and 27 gm NaCl, mixed thoroughly,
placed at 4 C for 4 hours and spun at 5000 rpm for 30 minutes. The supernatant was
discarded and the bottles were allowed to drain upside down for about 15 minutes. The
phage pellet was resuspended in 30 m1 STE buffer (50 mM NaCl, 10 mM Tris-Cl, pH
0, 1 mM EDTA) and transferred to 50 m1 centrfuge tubes. 0.6 gm PEG 8000 and 0.
gm NaCI was added to each suspension, mixed, incubated 1 hour at 4 C and the phage
paricles were subsequently pelleted at 15000 rpm for 30 minutes in a Sorvall SS-
rotor. The supernatant was removed and the phage pellet was resuspended in 3 m1 STE.
The resuspended phage pellet was transferred to 15 ml polypropylene tubes. Three m1 of
freshly prepared phenol, equilbrated against 10 mM Tris-Cl (pH 8.0)- 0.2 mM EDT A
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was added and vortexed extensively followed by centrugation in a clinical table top cen-
truge at 6000 rpm. The aqueous phase was removed to a clean tube and the extraction
was repeated with an equal volume of a 1:1 mixtue (v:v) of phenol and chloroform. The
aqueous phase was extracted 3 times with diethylether. Any remaining ether in the final
extraction was removed by evaporation. The single-stranded DNA was ethanol precipi-
tated overnight at - C and the yield was quantitated using UV spectroscopy.
Preparation of Heteroduplexes: The methodology used initialy to constrct the heter-
oduplexes has been described by Kramer et al., (1984). Plasmids pMQ243, pMQ244
and pMQ250-253 were isolated from GM856, and their methylation state confIrmed with
Sau3A, DpnI and MboI endonuclease digestions. Each set of plasmids was linearzed by
digestion with EcoRI endonuclease and checked on a 1 % agarose minigel. Typically, 4
J.g of methylated (at dGA TC sites) linear pMQ-DNA was mied with 2 J.g of unmethy-
lated single strand pPY97 in IX SSC (150 mM NaCl, 15 mM Na Citrate) and heated to
100 C for 7 minutes followed by 30 minutes at 65 C. The annealing mix was transferred
to 37 C block for 30 minutes and then placed on ice. The nicked heteroduplexes were
isolated from a 0. 8% low melting point agarose gel (Sea Plaque) and purfied with PrePac
NACS columns according to the manufactuers instrctions. Four units of T4 DNA
ligase was added to the purfied heteroduplexes in 50 mM Tris-Cl (pH 7.6), 10 mM
MgCI , 20 mM DTT, 10 mM ATP and incubated for 18 hours at 14 C. This procedure
yields 50 to 100 ng of hemimethylated heteroduplex.
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Transformation and Analysis of Repair Procedures. CaCl competent cells were pre-
pared by inoculating 10 ml of Brain Hear Infusion with 100 J,1 of an overnght culture.
The cells were grown at 37 C to a Klett of 85 (mid-log phase, 5 X 10 cells/ml) and
centrfuged for 3 minutes at 12,000 xg. The supernatat was discarded and the pellet was
resuspended in 10 ml CP buffer (50 mM CaCI , 10 mM PIPES pH 6. 8). After 20 minutes
on ice and subsequent centrfugation, the cell pellet was resuspended in 10 ml CP buffer
and refrgerated at 4 C. The CaCl competent cells were used within two days of prep 
ration. A transformation mitue of 100 J,1 competent cells, 49 J,1 PCM buffer (10.5 mM
PIPES pH 6.8, 13.6 mM CaCl 0, 10 mM MgS0 ) and 1 J,1 plasmid was placed on ice
for 5 minutes followed by 5 minutes at 37 C. 350 of L- Broth (Difco) was added to the
cells followed by a 1 hour incubation at 37 C. The bacteria were spread onto Brain Heart
plates containing 40 J,g of ampicilin and placed at 37 C overnght. The AmpR transfor-
mants were replica-plated onto Brain-Hear plates containing 10 J,g/ml tetracycline. The
transformation procedure for the mnt strctural gene system is the same as that described
above, except that transformants are spread onto MacConkey/lactose agar containing 60
Ilg/ml ampicilin.
RESUL TS AND DISCUSSION
pPY97 mnt operator (Omot) system of mismatch repair analysis: The maximum size
of inserton/deletion heterologies that can be recognized and repaied by Dam-diected
mismatch repai (DDMR) was initially investigated using the Omnt system. The pPY97
plasmid contains a 500 base pai fragment from bacteriophage P22 cloned into the
EcoRI-HindII site ofpBR322 (Fig. 1). The 500 base pair fragment contains the mnt
Page 50
Plasmid pPY97
mnt mnt H
3 kb
Pvul/
Figure 1. The Plasmid Map of pPY97. pPY97 is a pBR322 derivative contaning
the M13 origin of replication and the genes coding for ampicilli (bla) and tetrcycline
resistance. The mnt operon, which was isolated from bacteriophage P22, is a 500 base
pair region that was cloned into the EcoRI (E) and HindIII (H sites of pBR322 to con-
struct pPY97 (M. Susskind). mnt codes for a repressor that binds to its operator (O
and blocks the promoter controllng tet expression. The tet gene is expressed in the
absence of either a functional Mnt repressor or its operator, i.e. due to mutation. Wild
type pPY97 confers Amp ffet , while the mutant form (mnt or O J confers AmpR;ef.
P= promoter for RNA polymerase and the arows indicate the diection of transcription.
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gene, which encodes the Mnt repressor, the mnt operator (O J, and a P anc tet gene fusion;
RNA polymerase initiates transcription of tet from the phage P22 ant promoter. The tet
gene is negatively regulated by Mnt since Mnt binding to the Omnt blocks transcription of
the tet gene. Conversely, any mutation within the Omnt that interferes with the binding of
Mnt wil result in constitutive expression of tet since there is no Mnt mediated blockage
of transcription. The expression of the bla gene is independent of Mnt and confers ampi-
cilin resistace (Amp ) to cells transformed with either pPY97 or its mnt mutant deriv-
atives.
My initial approach to the investigation was to design an experimental system based
on the propertes of pPY97. I reasoned that repai of a heteroduplex containing an inser-
tion/deletion heterology within the Omnt could be determned after transformation of mis-
match proficient and deficient strains of E. coli by screening the AmpR colonies for tet
expression. In other words, repai of a heteroduplex using the wild type Omnt sequence as
template would restore the sequence required for Mnt binding, hence a high percentage of
AmpR colonies would be Tet . Conversely, repai of a heteroduplex using the Omnt dele-
tion mutant sequence as template would produce an Omnt sequence that Mnt cannot bind,
hence AmpR transformants would also be Tef. No repai would be indicated when 50%
of the AmpR colonies are resistant to tetracycline since replication of an unrepaied heter-
oduplex should yield plasmids of which half are Tef.
The Marus lab had previously isolated deletion mutations located within the Omnt.
The size of each deletion was determned by sequence analysis creating a collection of
mutations that ranged from 1 base to 15 base deletions. The 1 base deletion was used to
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constrct a 1 base inserton/deletion hemimethylated heteroduplex to serve as the exper-
imental control. To determe the maximum size of the insertion/deletion heterology that
could be repaied by mismatch repai, I constrcted a group of hemimethylated
heteroduplexes contaning inserton/deletion heterologies within the Omnt of 2, 4, 5, 7 and
15 bases (Fig. 2.). These, along with the 1 base control, were constrcted by annealing
unmethylated single-strand pPY97 to the EcoRI linearzed complementa methylated
strand (Omnt deletion mutation) as described in Materials and Methods. GM1166 (repai
proficient) and GM3856 (mutH) strains were transformed with these heteroduplexes and
plated onto Brain-Hear plates containing 40 Jlg/ml ampicilin. AmpR colonies that arose
were subsequently replica-plated onto Brain Hear plates containing 10 Jlg/ml of tetracyc-
line to determne the percentage of AmpR colonies that were Tef. Figure 3 shows a rep-
resentative sample of data collected with this system. These results suggested that 1 base
heterologies were efficiently repaired, while 2, 4, 5, 7 and 15 base heterologies were not
repaied. Analysis of the repair products through retransformation experiments and DNA
sequencing were in agreement with the results of Figure 3. However, I have since deter-
mined that many of the initial transformation experients contained experiental flaws
giving rise to imprecise data interpretation. This placed a good deal of my initial data in
question.
There were four main problems with the Omnt system. First, the results expected
after the fIrst heteroduplex transformation of mutH cells (control) should have been close
to 90% Amp ffef rather than the observed 40% to 60% Amp ffef. The reason for this
is not clear however one possibilty is that the tetracycline concentration used to screen
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Figure 2. The Location and DNA Sequence of Deletion Mutations within the
mnt Operator. The operator spans the region from base 37 to base 53. P denotes the
position of the promoter region of the mnt and tet genes, and the arows are pointed in the
diection of transcription. The thck lines indicate pBR322 sequence while the thin line
between HindI and EcoRI represents the 500 base pai mnt region of phage P22. The
base deletions used in the Omnt studies are shown diectly below the Omnt DNA sequence.
Note that the 15 base deletion involves thee bases outside of the Omnt region (ATI-
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REPAIR 
OF INSERTION/DELETION MUTATIONS BY
Escherichia coli
:r 
100%
90%
80%
70%
CO 60%
50%
I- 40%
30%
20%
10%
wild type
mutH
1bp 15bp2bp 4bp 5bp 7bp
Size of Insertion/Deletion
90-100% Tet resistance indicates repair.
50% Tet resistance indicates no repair.
Figure 3. Repair of heteroduplexes containing either 1, 2, 4, 5, 7 or 15 base
insertion/deletion mutations within the mnt operator. Hemimethylated heterodu-
plexes were methylated at d(GA TC) sites on the deletion Omnt strand while the wild tye
pPY97 strand was unmethylated. Repai is indicated when 90% to 100% of the Amp
colonies are also Tef, while 50% Tef indicates no repai. The mismatch proficient
GM1166 (wild type) and mismatch deficient GM3856 (mutH) E. coli strins were used
for this study. The percentages of Tef colonies were based on the tota population of
transformants, which ranged from approximately 500 to 800 total colonies per transfor-
mation.
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for Tet was too high at 10 J.g/ml. Alternatively, heteroduplexes isolated from low melt-
ing point agarose gels may have contaned small amounts of single strd pPY97 thus
giving rise to Amp ffef colonies. Second, preparations of single-strand pPY97 used in
the constrction of heteroduplexes was contanated with mutant Omnt single-strand
DNA as a result of contamiated phage R408 stocks. This created heteroduplexes of
unkown definition. To correct this, new phage R408 stocks were cultivated and subse-
quently used to produce new single strnd DNA, which was analyzed for purty by trs-
duction and transformation assays. Thd, a major disadvantage of ths system was the
large number of re-transformations required to collect accurate data. This made the
system very labor intensive. Fourt, the mutations within the Omnt palindromic sequence
were isolated as spontaeous mutations in mismatch repair proficient strains of E. coli.
This gives rise to the possibilty that these deletion mutations have a pre-existig bias
against repai.
Some of the problems described above have since been worked out and the results
are presented in Chapter 4 and in Figure 4. Briefly, hemimethylated heteroduplexes were
constrcted by annealing unmethylated single strand Omnt deletion mutants (1 4 and 5
base deletions) to EcoRI lineared methylated pPY97 (wild type O J. Transformation
of GM1166, GM3856 (mutH) and GM4719 (mutL) E. coli strains with the hemiethy-
lated heteroduplexes produced the data for Figure 4. Since the d(GA TC) sequences are
methylated on the strand contaning the wild type Omnt sequence (pPY97), repai should
be diected against the strand contaning the Omnt deletions giving rise to pPY97 plasmids
and a Amp rref phenotype. The results suggested that 1 and 2 base inserton/deletion
heterologies within the Omnt were efficiently repaied by Dam-dependent mismatch
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REPAIR OF INSERTION/DELETION MUTATIONS BY
Escherichia coli
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70%
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10%
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mutH
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mutL
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1 bp 2 bp 4 bp 5 bp
Size of Insertion/Deletion
0-10% Tet resistance indicates repair.
50% Tet resistance indicates no repair.
Figure 4. Repair of 1, 2, 4 and 5 base insertion/deletion mutations within the
mnt operator. Mismatch proficient (GMI166) and mismatch deficient (GM3856 (mutH)
and GM4719 (mutL)) strains of E. coli 
were trnsformed with hemimethylated heterodu-
plexes containing the either 1 , 2, 4 or 5 base deletions. In this case, the wild type pPY97
strand was methylated at the d(GA TC) sites, while the Omnt deletion strand was
unmethylated. Repai of heteroduplexes was indicated when 0% to 10% of the Amp
colonies were resistant to tetracycline, and no repai was indicated when 50% of the cells
were Tef. The percentages of Tef colonies were based on the tota population of trans-
formants, which ranged from approximately 300 to 500 total colonies per transformation.
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repai, while 4 and 5 base insertion/deletion heterologies were not (Figue 4.). This was
in agreement with intial results generated with the newly developed mnt system
described below. Due to the early success of the new system, additional studies with the
mnt sequence were not pursued furher.
The mnt structural gene system. Due to the problems that arose with the Omnt system
I decided to tae a different approach to the investigation of mismatch repai of inserton-
/deletion mutations. This involved two major alterations to the Omnt system that ulti-
mately resulted in a highly sensitive assay for the rapid analysis of mismatch repai
activity in vivo. The first alteration involved the use of deletion mutations within the mnt
strctual gene of pPY97 rather than within the Omnt palindromic sequence. The other
alteration involved the use of the E. coli indicator strain GM4331. This strain was origi-
nally constrcted for use in the testing of varous mnt mutations for dominance, however
it was imediately apparent that this strain could also serve as a vehicle to evaluate the
repai of heteroduplexes.
The indicator strain is a A-lysogen containing a mnt lacZ fusion operon which
places the expression of lacZY A under the negative control of Mnt (Fig. 5.). One of the
two key components of the indicator strai is that the chromosomal copy of mnt encodes
a non-functional repressor. Therefore, the only potential source of Mnt repressor is that
which is plasmid borne, i.e. pPY97 encoded mnt. This sets up the other key component
which involves the mnt- lacZY A fusion operon. The expression of lacZY A wil cause cells
plated on MacConkey/lactose agar to tur red, while blocking the expression of lacZYA
wil allow them to remain white. From this I reasoned that mismatch repai of pPY97
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Figure 5. Description of the mnt structural gene system. As described in the
text, the E. coli indicator strain, GM4331, transformed with pPY97 and plated on Mac-
Conkey/lactose agar gives rise to white colonies that are Tef. pPY97 encodes wild type
Mnt repressor that binds to the Omnt on both the chromosome and the plasmid effectively
blocking transcription of lacZY A and tet respectively. Conversely, transformation of
GM4331 with a plasmid that codes for non-functional Mnt repressor gives rise to Red
colonies on MacConkey/lactose agar that are Tef. Non-functional Mnt repressor fails to
bind to its Omnt and block transcription of lacZY A and tet. 0 is the Omnt' P is the promoter
for lacZY A, and T signifies the plasmid tet gene.
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derived heteroduplexes contaning an inserton/deletion heterology with the mnt gene
could be evaluated on the basis of colony color. In other words, transformants giving
rise to colonies that are both red and white ("mixed") is diagnostic of no repair, while
transformants that are either red (mnf, constitutive expression of 
lacZY A) or white (mnt,
Mnt binds to Omnt and blocks transcription of lacZY A) is diagnostic of repai. I wil refer
to this system as the mnt system.
Evaluation of the mnt System. The mnt system was first tested by a series of transfor-
',.
mation experiments. As outlined in Figure 5, transformation of GM4331 with pPY97
(mnt) should give rise to white colonies on MacConkey/lactose agar since pPY97
encoded Mnt repressor binds to the Omnt on the chromosome blockig transcription of
lacZY A. Unlike pPY97, transformation of GM4331 with p4349 
(mnf) should give rise to
red colonies when plated on MacConkey/lactose agar. p4349 is identical to pPY97
except that it contains a 1 base insertion (cytosine) within the 
mnt gene that results in the
expression of a non-functional Mnt repressor. When GM4331 is transformed with
pPY97, only white colonies appear (fable I, Figure 6A), while transformation with
p4349 gives rise to only red colonies (fable I, Figure 6B). Since pPY97/GM4331 are
white colonies and p4349/GM4331 are red, I predcted that mismatch repai of a hemime-
thylated heteroduplex containing an unmethylated strand ofpPY97 
(mnt, white)
annealed to a methylated strand ofp4349 
(mn(, red) would be indicated by the presence
of red colonies rather than white colonies. Colonies arsing from transformation of a mis-
match repai deficient indicator strain , GM4348 (mutL), should be both red and white
mixed"). As predcted, when GM4331 was transformed with the 1 base
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Table I. Transformation of GM4331 and GM4348 with Control Plas-
mids/Heteroduplex.
Plasmid/Heteroduplex GM4331 (WT) GM4348 (mutL)
(Colony color and number) Red White Mixed Red White Mixed
pPY97 (W) ::1000 ::1000
p4349 (+C 62- 63 mnt) ::1000 ::1000
p3262 (mnf) ::1000 ::1000
pPY9TME/p4349+ME 316 152
Transformation of GM4331 and GM4348 (mutL) E. coli strains with pPY97 (mnt),
p4349 (mnf), p3262 (mnf), and a pPY97/p4349 heteroduplex gave rise to colonies that
were either red, white, or mixed when plated onto MacConkey/lactose agar selective for
Amp. The number of colonies and their color are indicated to the right of plasmidletero-
duplex description. The heteroduplex represents a 1 base heterology in which unethy-
lated (-ME) single strand pPY97 was annealed to the complementa methylated (+ME)
EcoRI linearzed p4349. p4349 contains a +C insertion between 62-63 of the mnt gene.
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pPY97 control (GM4331) p3459 control (GM4331)
Hemimethytated heteroduplex
(GM4348, mutL)
Hemimethytated heteroduplex
(GM4331)
Figure 6. Colonies on MacConkey/lactose are either red, white, or mixed.
Panel A. Control transformation of GM4331 with pPY97 (mnt). Control
transformation of GM4331 with p3459 (mnf). C. Transformation of GM4331
(mismatch proficient) with a hemimethylated heteroduplex consisting of an unmethylated
pPY97 strand anealed to its complementa methylated mnt mutat strand. 
Transformation of GM4348 (mutL) with the same hemimethylated heteroduplex
described in panel C.
,..:;, !'
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inserton/deletion heteroduplex, approximately 84% of the colonies (316/379) were red,
12% were white and 4% were "mixed" (Table I, Figue 6C), while transformation of
GM4348 (mutL) resulted in mostly mixed colonies (Table I, Figue 6D).
To determine the accuracy of this system, I picked 20 red, 20 white and 4 mied
colonies from each of the 1 base inserton/deletion heteroduplex transformation experi-
ments, isolated the plasmid DNA and retransformed the indicator strains. If the red colo-
nies trly reflect the presence of only p4349 (mnf), then retransformation of a freshly
prepared indicator strain with the plasmid isolates should give rise to only red colonies.
Simiarly, if the white colonies reflect the presence of only pPY97 (mnt
), 
then retransfor-
mation of the indicator strain should give rise to only white colonies. Mixed colonies
should give rise to both red and white colonies on the same plate stressing the point that
individual cells within a colony contain both p4349 and pPY97 plasmids. The results of
these experiments are summarzed in Table II. Plasmid DNA isolated from red colonies
gave rise to only red colonies on retransformation, and mixed colonies gave rise to both
red and white colonies as expected. The retransformation experiments involving plasmid
DNA isolated from white colonIes was quite surrising since it indicated that not all
white colonies contain only pPY97 plasmids (Table II). Six out of 20 white colonies iso-
lated from GM4331 and four of 20 colonies isolated from GM4348 heteroduplex trans-
formations gave rise to both red and white colonies indicating that 10 of the 40 white
colonies (25%) are actually "mixed" colonies, or "false white . The results of these
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Table II. Retransformation of Red, White and Mixed Colonies.
Colony color of Retransformants
colonies Color Strain WIT Amp Tet % Tet
Red GM4331 20/20 0/20 0/20 100%
White GM4331 0/20 14/20 6/20 30%
Mixed GM4331 0/4 0/4 4/4 100%
Red GM4348 20/20 0/20 0/20 N/A N/A N/A
Whte GM4348 0/20 16/20 4/20 N/A N/A N/A
Mixed GM4348 0/4 0/4 4/4 N/A N/A N/A
Plasmid DNA was isolated from red, white and mixed colonies after transformation of
GM4331 (W and GM4348 (mutL) strains with the pPY97/p3459+ME heteroduplex.
DNA isolated from each colony was used to retransform either GM4331 or GM4348 and
plated onto MacConkey/lactose agar selective for Amp . Rt is the number of total
transformations that gave rise to only red colonies. W rr = number of transformations
that gave rise to pure white colonies and Mff are the number of transformations that gave
rise to both red and white colonies. AmpR = number of ampicilln resistant colonies, Tef
= number of AmpR colonies that were resistant to Tetracycline.
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re-transformation experiments are in complete agreement with re-transformation experi-
ments that were recently performed by Greta Caraway (a graduate student in the Mar-
nus Lab), who has begun using the mnt system to investigate RecA medated repai of
large inserton/deletion heterologies.
The reason for the presence of "false white" colonies is not completely clear. One
possibility deals with the rate of growth of the indicator strain on MacConkey/lactose
agar. Qualitative observations of cells containing pPY97 indicate that they appear to
grow much better on MacConkey/lactose than cells contaning p4348 (and mnt" plasmids
in general). Since mnt" cells do not block the expression of lacZY A, the acid by-products
of lactose fermentation pushes the pH in the immedate area of the colony downward
resulting in poor growth. Conversely, mnt cells block lacZYA expression and lactose
fermentation which favors better growth since these cells grow in a more norml physio-
logic pH. If the faster growing cells (mnt) produce an alkaline environment that titrates
the acidic contrbution from the slower growing cells (mnt", then the pH of the
MacConkey/lactose agar would favor the appearance of a white colony rather than one
that is red and white. I determned the growth cures for both red and white cells in Mac-
Conkeyllactose meda and found very little difference. However, it tus out that the liq-
uid MacConkey/lactose media (PH 7.3) is substatially different from that used to
prepare the agar (pH 7. 1), thus makng any conclusions about colony growth on
MacConkey/lactose plates inappropriate.
I approached the problem of identifying the false white colonies by utilzing a prop-
erty of the pPY97 plasmid. I reasoned that false white colonies, by virue of the fact that
some of the cells within the colonies contain mnt mutant plasmids conferrng resistance
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to tetracycline (Fig. 1), should grow on MacConkey/lactose plates containing tetracycline
. while tre white colonies should not (Fig. 3). This being the case, the MacConkey/lac-
tose system has a built in internal control for identifying false white colonies. In Table II,
six of the 20 white colonies picked from the heteroduplex transformation experiment
grew on plates contaning lO g/ml tetracycline. To determine the minimum concentra-
tion of tetracycline that effectively separates the false white colonies from the tre white
colonies, I performed another heteroduplex transformation experiment to provide a
source of fresh white colonies. From this transformation, I isolated 30 white colonies and
patched them onto each of 11 MacConkey/lactose plates containing either 0 or 1 - 10
g/ml tetracycline. A representative porton of the results are show in Table III, and indi-
cate that the minimal concentration of tetracycline required to identify false white colo-
nies lies between 2 and 3 g/ml. I chose to use 3 
g/m1 concentration of tetracycline to
identify false white colonies in future heteroduplex transformation experiments.
Improving the Heteroduplex Construction Methodology. The methodology used in
heteroduplex constrction also posed a number of problems, some of which may have
contrbuted to the initial experimental inconsistencies. I had three areas of concern
regarding heteroduplex constrction. The fIrst area of concern involved the low yield of
heteroduplexes. Since the concentration of heteroduplexes following extraction from low
melting point agarose gels was only about 100 ng, analysis of the covalent state and the
methylation state of the molecule was difficult. Southern blots could have been used to
analyze the restrction digests required for the determnation of methylation state, but it
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Table III. Concentration of Tetracycline Required to Detect False
White Colonies.
ILgTet AmpR colonies Tet colonies
mlagar
White colonies from a heteroduplex transformation were tested to determe the concen-
tration of tetracycline required to identify the mixed colonies. Individual white colonies
were fIrst patched onto MacConkey/lactose plates contaning 60 Jlg Amp/mI and then
patched on to MacConkey/lactose plates contaning 0, 1, 5, 10 Jlg tetracycline/mI.
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would not have solved the problem of determing the covalent state of the molecule.
Second, the heteroduplexes may have contained nicks at the 
EcoRI site, which was less
than 500 base pairs from the Omnt. Since the control strain used in these experiments was
E. coli mutH, the EcoRI nick may have been sufficient to bypass the requirement for
MutH. Even though the heteroduplexes were treated with T4 DNA ligase, the small yield
of heteroduplexes prevented accurte analysis of the covalent state of the molecule.
Thid, the annealing procedure required that the linear duplex DNA be 
denatued by boil-
ing the annealing mixture for about 7 minutes. This procedure may have introduced
abasic sites into the DNA or created nicks to serve as entr points for mismatch repai.
To address the heteroduplex constrction problems, I began using the procedure of
Lu et al., (1983), which is discussed in Chapter 4 of this thesis. The major changes are
described below. First, plasmid DNA was linearzed using Pvull endonuclease rather
than EcoRI since PvuII cleaves 2. 5 kbp from the mnt region, thus reducing the potential
for MutH bypass. I also constructed an isogenic mutL strain (GM4719) to use as an addi-
tional control for the O .lpPY97 plasmid system. Second, the procedure to 
constrct the
heteroduplexes involved a gentle alaline denaturation-renatuation step 
to avoid the
harsh conditions created by 100 C temperatures. Third, hydroxylapatite chromatography
was used to separate the heteroduplexes from single strand DNA to reduce 
contamnation
problems. Fourh, the nicked heteroduplexes were converted to a covalently closed state
by coli DNA ligase in the presence of ethidium bromide and subsequently separated
from the nicked heteroduplexes on a CsCVethidium bromide equilbrium gradient.
Finally, the procedure stars with 100 j.g of single strand DNA and 500 j.g of linearzed
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duplex DNA producing a typical yield of 10 to 15 Jlg of covalently closed heterodu-
plexes. This was more than enough to accurately analyze the state of methylation for
each set of heteroduplexes.
Summary. The varous approaches taken to investigate the role of Dam-diected mis-
match repai in the recognition and correction of insertion/deletion mutations have been
discussed. The problems that I encountered with each approach were presented along
with the steps that were taken to solve them. Of the approaches taen, the Omnt system
presented the most difficulties. I now believe that the majority of those problems have
been worked out as can be observed in Figue 4. However, the initial problems of the
mnt system forced the investigation of alternative pathways, which ultiately led to the
development of a highly sensitive in vivo mnt assay for mismatch repai. I chose to con-
tinue the investigation using the mnt system due to its early success, and termnate the
work involving the Omnt system. The data collected using this system have been highly
reproducible, and this success is described in Chapter 4 of this thesis.
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CHAPTER 4
Repair of DNA Heteroduplexes Containing Small
Heterologous Sequences in Escherichia coli.
I '
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ABSTRACT
Plasmid heteroduplexes were constrcted that conta either 1, 4 or 5 unpaied
bases within the mnt gene. These were used to assess the effciency of repai of small
heterologous sequences ("heterologies ) in DNA by the Escherichia coli Dam-diected
repai system. Heteroduplexes in defined states of methylation at d(G-A- T-C) sites were
transformed into a repai proficient indicator strain (which has a mnt- lac fusion coding
for a non- functional mnt repressor) and its isogenic mutH, L and S derivatives. Using this
in vivo transformation system, we scored for repai on the basis of colony color: correc-
tion in favor of the strand bearng mnt coding information gives rise to colonies that are
white, whereas correction in favor of the opposite strand (mnt ) yields colonies that are
red when grown on MacConkey agar. Failure to repai a heterology yields colonies that
are both red and white ("mied"). The correction efficiencies of two heteroduplexes,
each contaning a single G- T mismatch within mnt, were also monitored for puroses of
comparson. Our results show that the repai of heteroduplexes containing 1, 2 and 3
base deletions is as highly efficient as the repair of G- T mismatches. Heteroduplexes
contaning a 4 base deletion are marginally repaied and DNA containing a 5 base dele-
tion is not detectably repaired. Like the G-T mispais, correction of the 1 3 and 4 base
heterologies is Dam-dependent and requires MutH, Land S function. In addition , we
show that purfied MutS protein from Salmonella typhimurium, 
which can substitute for
E. coli MutS in vivo, binds to oligonucleotide duplexes contaning 1, 3 and 4 unpaied
bases of the identical sequence as that used for the in vivo studies. Specific binding of
MutS to homoduplex DNA and to DNA that had undergone a 5 base deletion was not
observed.
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INTRODUCTION
The mismatch repai systems of Escherichia coli are involved in the correction of
DNA containing mismatched bases (for reviews, see ref. 1-3). Mismatched bases can be
generated though a number of processes: spontaneous deamnation of 5-methylcytosine
to thymine giving rise to G- T mispais, allelic differences in recombination intermediates
and biosynthetic errors that arse durng DNA replication. Mismatch repai in E. coli 
divided into two pathways, long patch ("Dam-dependent ) and short patch repai. These
pathways are characterized by the length of the excision-repair tract produced durng the
correction process. In general, short patch repai systems generate small excision-repai
tracts up to 10 nucleotides in length durng a repai process that corrects specifc
base:base mismatches (1-4). This pathway is independent of Dam-diected discrimina-
tion between the two DNA strands. Conversely, long patch ("Dam-dependent ) repair
has a broader substrate specificity since it corrects most base:base mismatches in a
Dam-diected process characterized by long excision-repai tracts up to and in excess of
one kiobase in length (4). This system relies on the methylation of adenine in d(G-
T -C) sequences to diect the strandedness of repai; this is accomplished by A lldenine
ethyltransferase (Dam). The repai efficiency of individual base:base mismatches by
Dam-diected repai depends on the nature of the mismatch as well as the DNA sequence
. f
environment within which it resides (5, 6). Generally, trnsition mismatches, i.e. G- T
and A-C, are repaied more efficiently than transversion mismatches, while the C-C mis-
match is poorly repaired if at all.
: )
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The biochemical mechanisms involved in correcting mismatched bases in DNA by the
Dam-diected system are still unclear. However, it appears likely that the process
involves at least thee steps; initiation, repai-tract excision and resynthesis (4). Initiation
requires the presence of a mismatch and the gene products of 
mutH, L and S. MutS is a
97 kDa protein that recognizes and binds mismatched bases in DNA (6, 7) leading to the
formation of an alpha loop strcture in the presence of a base:base mispai and ATP (4).
MutL, a 70 kDa protein, in the presence of A TP has been shown to interact with the
MutS/mismatch complex since the level of DNaseI protection is greatly increased relative
to protection provided by MutS binding alone (8). Presumably after the formation of a
MutS/mismatch complex and in the presence of MutL and A TP, a search for a hemime-
thylated d(G- C) sequence ensues (4). MutH, containing a latent 25 kDa d(G-
specific endonuclease activity, is activated in the presence of this complex and makes an
incision 5' to the d(G- C) sequence on the unmethylated strnd (4, 9). It is through
this process that the repai system discriminates between the parental strand containing
the methylated d(G- C) sequence from the daughter strand containing the unmethy-
lated sequence (10). Symmetrcally methylated sequences are resistant to MutH activity,
while unmethylated d(G- C) sequences can be incised on one side or the other
leading to loss of strand bias (9). It should be emphasized that a clearly defined biologi-
cal function has yet to be assigned to MutL, however it has been suggested that it acts to
interface the activity of MutS with that of MutH to coordiate an efficient repai process
(4). At some point after MutH makes its incision, excision of the repai tract begis.
This step presumably involves DNA helicase II, single stranded bindig protein and an
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exonuclease to produce excision tracts typically spanning the region between the mis-
match and the d(G- C) sequence (11, 12). Finally, resynthesis is cared out by DNA
polymerase il holoenzyme and the DNA molecule is restored to its covalently closed
state by DNA ligase (11).
Although the correction of base:base mismatches in DNA by Dam-diected mismatch
repai is well documented (1-3), little is known about the specificity of repai of small
DNA heterologies. The present study examnes the correction of inserton/deletions of 
to 5 bases to determne the size constraints of the repai pathway both in vivo and in vitro.
MATERIALS AND METHODS
Plasmid, Phage and Bacterial Strains. Plasmid pPY97 and the numbering of bases
in the mnt gene and mnt operator has been describe by Rewinski and Marnus (13). The
f1 phage R408 was a gift from Dr. M. Russel (14); A. GMIlO is A.imm21 mnr::lacZYA
nin-5. E. coli strain GM4331 (F - thr- l A(lac-pro)xm tsx-33 supE44 galK2 hisG4(Oc)
rj- l mgl-51 rpsL31 kdgK51 xyl-5 mtl- l argE3 thi- (A. GMIlO)); GM4348 (GM4331
but mutL::Km Stu (15)); GM4349 (GM4331 butmutH471::Tn5), GM4388 (GM4331 but
mutS201::Tn5 (16)), and GM1690 (F42/dam- 16(Del;Km) thr- l ara- 14leuB6 A(gpt-
proA)62 lacY tsx-33 supE44 galK2 hisG4(Oc) rj- l mgl-51 rpsL31 kdgK51 xyl-5 mtl-
argE3 thi- l) were constrcted in this lab. E. coli JC9239 (17) is AB1157 (Table 1,
Chapter 2) but recFl43.
Preparation of Heteroduplexes. pPY97 containing deletions of 1 , 2, 3, 4 and 5 base
pais within mnt were prepared by site diected mutagenesis using T7 DNA polymerase
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(18). The sequences of the mutant constrcts were confIrmed by DNA sequence analysis
(19). Plasmid DNA methylated at d(G- C) sites was isolated from JC9239, while
that devoid of methylation was isolated from GM1690 using Qiagen maxi-columns as
recommended by the manufacturer. Single-stranded plasmid DNA devoid of methylation
at d(G-A- T-C) sites was extracted and purfied from f1 phage R408 virons using plasmid
containing GM1690 as host (20).
The constrction of heteroduplexes containing 1, 2, 3, 4 or 5 unpaied bases within
mnt and the G- T mismatches at position 40 and 41 in 
mnt were prepared using the
method of Lu et al. (21). Briefly, single strand plasmid DNA was isolated from f1 phage
R408 virons after infection of GM1690 transformed with the appropriate plasmid. Het-
eroduplexes were constrcted by annealing single-stranded DNA to its complementar
alale denatued, Pvull (New England Biolabs) digested plasmid DNA at for 30
minutes. To obtan optimal heteroduplex formation, the annealing mixture contaned a
5:1 molar ratio of single stranded DNA to linear duplex DNA. The nicked heterodu-
plexes were subsequently separated from any excess single strand DNA using hydroxyla-
patite chromatography (Bio-Rad Laboratories), after which they were converted to a
covalently closed supercoiled state by E. coli 
DNA ligase ( NAD) (New England
Biolabs) in the presence of ethidium bromide. These covalently closed heteroduplexes
were separated from nicked heteroduplexes by centrfugation though a cesium chlori-
de/ethidium bromide equilbrium gradient. This study used hemimethylated heterodu-
plexes involving two different constrcts; one in which unmethylated circular single
strand wild type pPY97 was annealed to its complementar methylated linear duplex
DNA containing deletions of 1-5 base pais or G-C to A-T transitions, and the other in
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which unmethylated circular single strand containing deletions of 1-5 bases was annealed
to its complementar methylated linear pPY97 DNA. The hemimethylated heterodu-
plexes were tested for resistance to MboI and Sau3A digestion.
Fully unmethylated heteroduplexes were formed by annealing unmethylated duplex
linear DNA containing deletions to unmethylated circular single strand pPY97 DNA.
Digestion by MboI but not DpnI indicated that these heteroduplexes lack methylation at
d(G- C) sequences. To prepare fully methylated heteroduplexes, in vitro methylation
of hemimethylated heteroduplexes, constrcted by annealing methylated mutant DNA to
unmethylated single strand pPY97, was achieved using Dam methylase in the presence of
S-adenosylmethionine (New England Biolabs). Digestion by Sau3A and DpnI indicated
that greater than 95% of the d(G- C) sequences were fully methylated as determned
by gel electrophoresis.
Transformation and Analysis of Repair Procedures. Competent cells of strains
GM4331, GM4348, GM4349 and GM4388 were prepared freshly when needed as
described by Caraway et al., (22). Approximately 1 ng of heteroduplex was used for
each transformation by the CaCl procedure. The transformants were spread onto Mac-
Conkey agar plates containing 60 Ilg ampicilln/ml and placed at 37 oC for 18 hours.
Colonies were scored for repai based on their color. Whte colonies were patched onto
plates containg 3 Ilg/ml tetracycline to separate the tre white colonies from the false
white or mixed colonies since tre white colonies are sensitive to growth on plates con-
taining tetracycline.
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MutS Band Shift Assay. The (y-32P)A TP (Amersham) end labellng of the bottom
strand by T4 polynucleotide kinase (New England Biolabs), annealing of the oligonucleo-
tides (Operon Technologies, Alameda,CA), MutS binding reactions and the band shift
assays were cared out as outlined by Jircny et. al. (23) with the following exceptions.
Purfied Salmonella typhimurium MutS protein (24), a generous gift from Dr. Graham C.
Waler (M.LT.), was used in place of E. coli MutS. The MutS bindig reaction consisted
of 0.6 pmol of 36 base oligonucleotide duplex with either 2, 4, 6, 8, 10 or 12 pmols MutS
added to the mixture and subsequently incubated at OOC for 30 minutes. The 36 base oli-
gonucleotides used to make the duplexes were as follows:
GCATACGGAAGTTAAAGTGCGGATCATCTCTAGCCA-3' was the bottom
strand and represents the complementar sequence to the top strand,
TGGCTAGAGATGATCCGCACTTIAACTCCGTATGC- . The bold sequence
in the top strand corresponds to Figure 1 which shows the base deletions used to create.
the 1 4 and 5 base deletion duplexes. The G-T40 mismatch was constrcted by
annealing 5' TGGCTAGAGATGATCCGTACTAACTTCCGTATGC-3' to the bot-
tom strand.
RESULTS
The in vivo repair assay can determine the repair effciency of small DNA heterolo-
gies. The plasmid, pPY97, has been describe in detail elsewhere (13). Briefly, pPY97
is a pBR322 derivative with an M13 origin of replication so that single strand DNA can
be prepared. It confers ampicilin resistance and contains an mnt- tet operon fusion that
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places tet expression under the control of Mnt. Site diected mutagenesis was used to
create 1, 4 and 5 base deletions within the mnt strctual gene (Figue 1). To insure
that a non-functional repressor was created, the mutagenesis was diected agaist the His
residue of mnt, a residue that has been shown to be critical for proper binding to Omnt
(25). The mnt gene was sequenced for each mutant in order to confIrm that both the cor-
rect mutat mnt sequence had been isolated and that no other mutations were present
A system has been developed to detect accurately the correction of DNA contaning
insertion/deletion heterologies as well as base:base mismatches (Fig. 1). Correction 
plasmid DNA heteroduplexes is scored on the basis of color changes in colonies after an
indicator strai has been transformed with heteroduplex and incubated on MacCon-
key/ampiciln agar. The indicator strin, GM4331 and its isogenic mutH, Land S deriv-
atives, is a A lysogen containing lacZY A, 
and the mnt gene and its operator of
bacteriophage P22. The promoter for lacZY A 
is negatively controlled by Mnt repressor;
however in GM4331 the mnt gene codes for a non-functional repressor allowing lacZYA
to be constitutively expressed. GM4331 forms red colonies on MacConkey agar. Trans-
formation of the indicator strain with a plasmid coding for a non-functional Mnt repressor
also results in lacZY A expression thus formng red colonies on MacConkey agar, and in
addition, confers plasmid encoded tetracyline resistace (Figure 1). Conversely, plasmid
containing a functional Mnt repressor which binds to the 
mnt operator (O J on both the
chromosome and the plasmid effectively block expression of 
lacZY A and tetracyclie
resistance respectively, and thus colonies are white on MacConkey agar (Figue 1).
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ure 1 The indicator system used to evaluate efficiency of repai is based on two
major components, plasmid encoded Mnt and chromosomal mnt- lacZYA fusion operon.
Plasmid encoded Mnt repressor negatively regulates the expression of both the plasmid
encoded tet gene and the chromosomallacZY A operon. The chromosomal mnt gene
codes for a nonfunctional repressor, and thus fails to bind Omnt. The plasmid encoded bla
gene confers resistace to ampicil. The DNA sequence of mnt shows the base(s) that
were deleted in the strand complementa to single strand pPY97 as well as the suround-
ing sequence. These mutations were constrcted so that the His residue within mnt
would be eliminated, thus producing a nonfunctional Mnt repressor. The sequence is
oriented 3' to 5' to indicate the diction of transcription of mnt. P represents the pro-
moter region and the arow indicates the diection of transcription for tet and lacZY A
genes.
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When a heteroduplex of a defined methylation state consisting of a strand containg
the wild type mnt sequence and its complementa strand contaning an mnt deletion
mutation is introduced into an indicator strain, we observe thee possible outcomes; trans-
formants giving rise to either red, white or red plus white ("mixed") colonies. Correction
of a smal DNA heterology is indicated by the presence of either white or red colonies
after transformation of the indicator strain with hemiethylated heteroduplexes in which
the methylated strand d(G- C) is wild tye or mutat respectively. No repai is indi-
cated by the presence of mied colonies since replication of the heteroduplex that is
refractory to repai should yield colonies that harbor both wild type and mutant forms of
pPY97.
To determne the reliabilty of this method, we transformed the indicator strains with
heteroduplex DNA and spread the transformants onto MacConkey/ampicilin agar. The
purty of the transformants was evaluated by isolating plasmid DNA from red, white and
mixed colonies and retransformg the indicator strain GM4331. The color of the
retransformed colonies reflects the plasmid purty. Plasmid DNA isolated from 20 red
colonies gave rise to only red colonies after retransformation indicating that these trans-
formants contained mutant pPY97. Plasmid DNA isolated from mixed colonies gave rise
to either red or white colonies after retransformation indicating that replication of a
heteroduplex proceeded in the absence of repai. All mixed colonies grew well on plates
containg 10 J.g/ml tetracycline. Plasmid DNA isolated from most white colonies also
gave rise to white colonies after retransformation; however DNA from some white colo-
nies gave rise to both white and red colonies indicative of a mixed colony. Therefore,
since tre white colonies are sensitive to tetrcycline and mixed colonies are resistant, we
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determed the concentrtion of tetracyclie required to separate tre white colonies from
false white" or mixed colonies. True white colonies wil not grow on plates that contai
g/m1 tetracycline and retransformation using plasmid DNA isolated from these colo-
nies gives rise to white colonies only. Conversely, false white colonies are resistant to
tetracycline and since they give both red and white colonies on retransformation, they are
scored as mixed colonies.
Transformations of GM4331 (wild type) and the muf strains with homoduplex
(pPY97), the varous heteroduplexes (and states of methylation), and a 1: 10 miture of
homoduplex (pPY97) to heteroduplex revealed no signifcant loss of heteroduplex viabil-
ity that might occur as a result of lethal processing of deletion mutations.
In vivo correction of small DNA heterologies by mismatch repair is Dam-directed.
The mismatch repai proficient indicator strain, GM4331, and its isogenic mutH, L and S
strains were transformed with hemimethylated heteroduplexes, in which the mutant
strand contans methylated d(G- C) sequences, containing either 1 4 or 5 base
heterologies. A G-T mismatch at position 40 and a T-G mismatch at position 41 of mnt
were used as positive controls. We chose to compare the efficiency of correction of DNA
containing small heterologies to that of the G- T mismatches since the Dam-diected
repai system has been shown to correct them with high efficiency. In addition, the G-
mismatches do not lie within sequences that favor VSP repai. Table I shows that 1,
and 3 base deletion heteroduplexes are repaied by wild-type mismatch repai proficient
cells in a Dam-dependent diection with an efficiency similar to that of the G- T mis-
matches since 97% to 99% of the wild type transformants give rise to red colonies. The 4
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Table Correction of hemimethylated heteroduplexes. The percentage of Red (%R),
White (% W) and Mixed (%M) colonies was calculated from the tota population of trns-
formants, which ranged from 400 to greater than 1 300 tota colonies/transformation.
The state of adenine methylation is indicated by (+/-); methylation of the deletion
containing strand annealed to unmethylated circular wild type single strand of pPY97.
(-/+) indicates methylated wild type pPY97 strand annealed to unmethylated circular
deletion containing mutant single strand.
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base heterology is marginally corrected since 39% of the transformants are red colonies
and only 4% are white colonies, whereas five base heterologies are refractory to repai
since 90% of the transformants give rise to mixed colonies. This repai process is depen-
dent on the gene products of mutH, L and S as the majority of transformants of these
strains give rise to mixed colonies. Interestingly, our system detected a low level of
methyl-independent correction of 1, 2 and 3 base heterologies and the G-T mispais after
transformation of the mutH (GM4349) indicator strain. This wil be addressed in more
detail below.
To demonstrate the dependence of this system on methylated d(G- C) sequences
to diect the strandedess of repair, we switched the methylation state so that the wild
type strand is methylated rather than the mutant strand. If switching the methylation state
reverses the diection of repai, then transformations with these heteroduplexes should
mior the results of the opposite hemiethylated state describe above (Table I). In this
case, 90% to 95% of the wild type transformations with hemimethylated heteroduplexes
contaning 1 2 and 3 base heterologies gave rise to white colonies indicative of repai
using the methylated strand as template. The results also show that the 4 base deletion is
poorly corrected while the 5 base deletion is not corrected.
We isolated plasmid DNA from 20 red colonies from the transformations in Table I
and sequenced the mnt gene to confir that the red colonies were the result of diected
repai of the deletion mutation present in the heteroduplex. In every case, plasmids iso-
lated from red colonies that arose as a result of transformation with heteroduplexes con-
taining 1-5 base inserton/deletion heterologies contained the appropriate deletion
mutation.
Page 83
In vivo correction of un methylated heteroduplexes proceeds without strand bias.
The Dam-diected repair pathway, while maintaining the abilty to correct DNA, loses its
abilty to discriminate the wild type strand from the deletion contaning strand when
DNA is devoid of adenine methylation in d(G- C) sequences (9). Table II shows the
results of transformations with un methylated heteroduplexes as described in Materials
and Methods. The G- T and T -G mismatches, 1, 2 and 3 base deletion heteroduplexes
show repai consistent with the loss of strand bias since transformtion of the mismatch
proficient strai gave rise to nearly equivalent numbers of either red or white colonies
and a very low percentage of mixed colonies. The data obtained for the 4 base deletion
heteroduplex suggests that it is weak substrate for repai while the 5 base deletion hetero-
duplex is not repaied. This is in agreement with the results of the hemimethylated heter-
oduplex transformations from table 
In vivo correction of symmetrically methylated heteroduplexes proceeds indepen-
dently of Dam-methylation and MutH. Table III shows the data from transforma-
tions of the indicator strains with heteroduplexes containing symmetrcally methylated
d(G- C) sequences. Since these methylated sequences are resistat to nicking by
MutH endonuclease, correction of mismatched bases and insertion/deletion heterologies
should be greatly reduced (9, 10). The results in Table III do not support this predction.
Transformation of the mismatch proficient indicator strin with the symmetrcally methy-
lated heteroduplexes revealed a pattern of methylation independent repai simiar to that
observed with mutH transformations in Tables I, II and il. This repair process requires
the gene products of mutL and S since greater than 80% of the transformants of these
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Table II. Correction of unmethylated heteroduplexes. The percentage of Red (%R),
White (% W) and Mixed (%M) colonies was calculated from the total population of trns-
fonnants, which ranged from 450 to greater than 1 000 tota colonies/transformation.
(-/-
) indicates that both the deletion containing strand and the complementar wild tye
strand are devoid of adenine methylation.
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Table III. Correction of symmetrcally methylated heteroduplexes. The percentage of
Red (%R), White (%W) and Mixed (%M) colonies was calculated from the tota popula-
tion of transformants, which ranged from 300 to 800 tota colonies/transformation. (+/+)
indicates that both the deletion containig strand and the complementar wild type strand
are fully methylated at greater than 95% of the d(G- C) sequences.
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1111
strains give rise to mixed colonies. Lack of correction of 4 and 5 base inserton/deletion
heteroduplexes in wild type and mutH 
strains are also consistent with the data observed in
Tables I and II. Therefore, Dam-independent repai follows the same specificity as the
Dam-dependent system, albeit at reduced efficiencies. There exists the possibilty that
some d(G- C) sites in the heteroduplexes may lack symmetrc modification after 
vitro Dam methylation; however it is highly unlikely that this effect could account for all
of the repai observed in the wild type strain since the results are within 5 to 7 percent of
those observed in the mutH transformations.
The mnt gene in plasmid DNA isolated from 16 red colonies of 
mutH transformations
was sequenced to determne if mutations in addition to, or in place of the original muta-
tion (Fig. 1), were generated due to this methyl-independent repai pathway. In every
case, the only mutations found in the 
mnt gene were those involved in the original
heteroduplex constrction (Fig. 1).
Dam-directed repair of small heterologies in the mnt operator (Omnt). Using the
identical plasmid system described above, but contaning deletion mutations within the
mnt operator (Omnt) rather than in the mnt gene, we evaluated the correction of naturally
occurng 1, 4 and 5 base inserton/deletion heterologies by Dam-diected repai.
Hemimethylated heteroduplexes consisting of unmethylated circular single strd con-
taining deletion mutations within the Omnt and the methylated complementar wild type
pPY97 strand were transformed into repai proficient and isogenic mutL and mutH
strains. The strains did not contan A 110, thus the efficiency of correction was not based
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on colony color. Rather, this method evaluated repai based on the percentage of ampi-
cilin resistant transformants that were also tetracycline resistant. The results of these
transformations indicated that 1 (unpaied A at nucleotide -43 (13)) and 2 (unpaied AC
at nucleotides -44, 43) base heterologies were efficiently corrected in mismatch profi-
cient cells since 97% and 93% of the transformants were tetracycline sensitive respec-
tively (data not shown). Heteroduplexes contaning 4 (unpaired TGGA at nucleotides -
to -50) and 5 (unpaied GGTCC at nucleotides -42 to -38) base heterologies were
refractory to repai. Repai of 1 and 2 base heterologies was Dam-diected and dependent
on the gene products of mutL and H (mutS was not tested in this system).
MutS binds to small insertion/deletion heterologies in vitro. E. coli MutS is a 97 Kd
protein that recognizes and binds to DNA contaning mismatched bases (7), therefore
performng an essential role in Dam-diected mismatch correction. Since MutS binds to
mismatched bases and is required for correction of small insertion/deletion heterologies
in vivo (Tables I-III, we investigated the possibilty that MutS might also playa par in
the recognition of inserton/deletion heterologies. Figure 2 displays the results of band
shift assays involving 36 base heteroduplexes contaning 1 (unpaied T), 2 (unpaired
GC), 3 (unpaied TGC), 4 (unpaired TGCG) or 5 (unpaired AGTGC) base inserton/dele-
tion heterologies or the G- T mismatch and Salmonella typhimurium MutS protein. S.
typhimurium MutS, a 96 Kd protein, has been shown to complement E. coli MutS in vivo
(24; Parker and Marnus, unpublished data). The band shift assays of Figure 2 show that
MutS recognizes and binds to 1, 3 and 4 base heterologies as well as to the G-T mis-
match, while binding to the 5 base deletion and homoduplex (data not shown) was not
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A. G- T mismatch
MutS 0 10 12
(pmol) 
' . .... . .
B.. II 
j". .".
B. 1 base del. c. 2 base del.
6 8 10 12 o 2 10 12
-". ' --
. f'
- -
D. 3 base del. E. 4 base del. F: 5 base del.
MutS 
(pmoO
10 12 10 12 10 
ure MutS band shit assays. Increasing concentrations of Salmonella typhimu-
rium MutS were added to 0.6 pmols (32P)-labelled 36 base duplexes containg either 1
, 3, 4 or 5 base heterologies or a G- T mismatch and the binding reaction was placed on
ice for 30 minutes. The binding reaction was analyzed on a 6% non-denatung polyacry-
lamide gel followed by autoradiogrphy. B (bound) represents MutS protein bound to
heteroduplex. F (free) represents unbound 36 base duplex.
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observed within the constraints of this assay. Densitometrc scans of the autoradiographs
reveal that the hierarchy for MutS binding to the above mutations followed a surrising
pattern; 1 base del 2 base del 3 base del Grr mismatch 4 base deletions. The
binding of MutS to 36 base heteroduplexes is a reversible process as MutS-heteroduplex
complexes can be dissociated by SDS (not shown). Furtermore, MutS does not bind to
36 base single strand DNA within the parameters of our experienta system.
DISCUSSION
One of the first studies to provide evidence supportng the correction of small heterol-
ogies by mismatch repair involved the reversion of frameshift mutations in lacZ and trpA
in E. coli mutU4, mutS3 or mutL25 strains (26, 27). These mutator alleles increased
significantly the frequency of reversion above those levels observed in wild tye strais.
Simarly, the frequency of occurence of 9-amnoacridine induced - 1 and + 1 frameshift
mutations is greatly increased in E. coli mismatch deficient mutL host cells as compared
to mismatch proficient wild type cells (28). The frequency of occurence of small frame-
shift mutations in strains deficient in mismatch correction relative to wild tye strains is
also increased substantially (29). Moreover, Dohet et al. (30) demonstrated that 1 base
insertons and deletions are efficiently repaied by mismatch correction using arficially
constrcted heteroduplexes and an in vivo transfection system. Lear and Grafstrom
(31), using an in vitro system of cell free extracts, have demonstrated that 1, 2 and 3 base
deletions can be repaired as efficiently as G- T mismatches in a process diected by the
state of adenine methylation of d(G-A- T -C) sequences and requirng the gene products of
mutH, Land S. Mismatch repai systems in other cell types have also been implicated in
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the repair of small inserton/deletion mutations. The Hex system of Streptococcus pneu-
moniae efficiently corrects 1 and 2 base heterologies, marginally corrects 3 base heterolo-
gies and is refractory to repair of 4 and 5 base heterologies (32), while mismatch repair in
Saccharomyces cerevisiae corrects single base frame shift mutations (33, 34).
In this study, we have shown that 1 , 2 and 3 base insertion/deletion heterologies are
repaied in vivo as efficiently as G- T and T -G mismatches. This is in agreement with ear-
lier data obtained in vitro using cell free extracts (31). In addition, we show that 4 base
deletions are repaired at reduced efficiencies while 5 base deletions lack efficient repair.
Interestingly, the 4 base inserton/deletion heterologies within mnt were subject to moder-
ate correction while a simiar heterology located within the Omnt (mnt operator) region
was refractory to repai. The DNA sequences flanng these heterologies are diferent
and since mismatched bases are corrected with efficiencies that depend in par on their
sequence environment, it appears quite probable that the efficiency of correction of inser-
tion/deletion heterologies may be influenced in a simlar way.
An earlier report presented evidence for Dam-diected correction of heteroduplexes
containing two 10 base insertion/deletion heterologies (35). We have made a number of
observations that are in diect contradiction to this. Furhermore, although we can not
completely rule out the possibilty for correction of 5 base heterologies based 
sequence context, we believe that the E. coli Dam-diected repai system cannot repair
inserton/deletion heterologies larger than 4 bases since the correction of 4 base heterolo-
gies is marginal at best and MutS fails to recognize and specifically bind to 5 base heter-
ologies, an essential step in the repai process. In support of this are the following
observations. First, we have found that MutS fails to bind specifically to 7 and 9 base
Page 91
heterologies in vitro (Parker and Marnus, unpublished observations) makng it highly
unlikely that MutS can recognize and bind to 10 base heterologies unless a smaler, rec-
ognizable mismatch is present. Secondly, in vivo correction of heteroduplexes containing
7, 9, and 11 base heterologies within the mnt gene is not observed (Carway and
Marnus, unpublished observations). In addition , deletion heterologies as large as 700
base pairs also escape Dam-dependent mismatch correction (36). Therefore, the most
liely explanation for this discrepancy is that the 10 base heterologies, present as inverted
repeats in the form of XhoI liners, induced the formation of secondar strcture contain-
ing either a mismatched base pai or a 1-4 base inserton/deletion heterology. In other
words, the ten base deletion heterologies were most likely repaied as a consequence of
MutS recognition of a suitable ten base deletion induced mismatch rather than diect cor-
rection of the ten base deletion itself.
A surrising finding in our work was the occurence of methylation independent, but
mutL and mutS dependent correction of 1, 2 and 3 base insertion/deletion heterologies
and the G- T mismatches. Correction was independent of mutH function for heterodu-
plexes in all four methylation states as well as the symmetrcally methylated wild type
transformations. The latter was unexpected since Dam-diected repai was not observed
in fully methylated lambda phage heteroduplexes in vivo 
(10) or in phage f1 heterodu-
plexes in vitro (6, 11 21). The possibilty for a Dam-independent repai pathway is inter-
esting since a simiar phenomenon has been observed in which symmetrcally methylated
heteroduplexes contaiing two small deletion mutations were also repaied in a
Dam-independent manner except that it did not require the mutL gene product (35). Fur-
thermore, transfection experiments using heteroduplexes constrcted from bacteriophage
Page 92
lambda DNA contaning mutant cI and Pam alleles showed Dam-independent correction
that required the gene products of mutL and S, but not mutH or uvrD (36). In this case,
the VSP (very short patch) system of repai has since been identified as the repair path-
way responsible for correcting the mutant alleles (2) since both mutations are G- T mis-
matches and each is located within a VSP recognition sequence, 
AG (37). This
cannot be the explanation for our results since we observed Dam-independent repai in a
dcm- indicator strain which is deficient in VSP repai (parker and Marnus, unpublished
data). In addition , the sequence context within which the inserton/deletion heterologies
as well as the G- T mismatches lie do not conform with the sequence requirements for
VSP repai.
The methyl-independent repai is probably best explained by the presence of strand
breaks or nicks that might have been introduced into a closed circular heteroduplex either
before, durng or following the transformation process. Single strand breaks are suffi-
cient to diect the strandedness of repai for mismatch correction in the absence of either
MutH or d(G- C) sequences (11, 38). Assuming that heteroduplexes can be nicked
on either strand with an approximately equal probabilty and that DNA ligase is unable to
convert all nicked heteroduplexes back to a covalently closed state after transformation,
correction of inserton/deletion heterologies by mismatch repai, in the absence of MutH
or presence of symmetrcally methylated d(G- C) sequences, should be diected
according to the nick containing strand. This would be consistent with our obselVations
and we are curently investigating this possibilty. An alternative, albeit less likely,
explanation might be that components of other pathways involved in localized repai are
assisting MutL and S in correcting small heterologies. Since varous AP endonucleases
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are involved in localized repai of apuric and apyrdinic sites which may resemble an
unpaied base (39), we constrcted an indicator strain of the trple mutant xthA, nfo, nth
to determne the role of AP-endonuclease III, IV, VI, and exonuclease nI in Dam-
independent repai. The absence of these gene products did not block Dam-independent
repair (data not shown). In addition , mutations in recF and recA were without effect on
Dam-independent repai (data not shown). Work is curently underway to look at the
effect of uvrA on Dam-independent repai since it recognizes bulky lesions in DNA (39).
Our results show that MutS recognizes and binds to 1 3 and 4 base, but lacks spe-
cific binding to 5 base insertion/deletion heterologies in vitro. The affinity of MutS for
these mismatches correlates roughly to their efficiency of repai in vivo. MutS protein
recognizes and binds to all eight base:base mismatches at affinities that roughly correlate
to their repair efficiency (6). However, the finding that MutS has an affinity for a G- 
mismatch that is higher than for an equally efficiently repaied A-C mismatch suggested
that MutS binding alone does not determne the efficiency of correction (23). Interest-
ingly, densitometrc scans of the autoradiographs in Figure 2 reveal that MutS binds to 1
and 2 base deletions with higher affinity than to the G- T mismatch or 3 base deletion.
Competition studies between 1 , 2 and 3 base deletions and a G- T mismatch agree with
these results (data not shown). This supports the notion that the efficiency of correction
of any given mismatch is determned by multiple factors since 1, 2 and 3 base deletions
are repaired as efficiently as G- T mismatches even though the binding affinity of MutS
vares considerably. However, it should be recalled from Table I that close to 99% of the
2 and 3 base heterologies and G-T mispais were corrected in vivo. This raises the pos-
sibilty that the repair system may aleady have corrected as many mispais as possible
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prior to plasmid replication, thus makng it dificult to clearly define the relationship
between MutS binding and correction effciency. Examning the kinetics of this repai
process should help clarfy this issue.
A recent study into the strcture of DNA containing 1 , 2, 3 or 4 base deletions con-
cluded that these molecules contain kinks or bends that increase in proportion to the size
of the deletion, while G-G, C- T and C-A mismatches failed to produce any detectable
helical distorton (40). Moreover, the sequence flanng a single base deletion markedy
influences the extent to which the helix can be kinked (41). Since the G-T mismatch is
intrahelical producing miimal distortion (1) and insertion/deletion mutations favor the
formation of helical kinks, the binding of MutS to these strctually dissimilar mutations
raises a number of questions. Does MutS protein have two separate, but closely related
or overlapping DNA binding sites; one for mismatches and the other for deletions? Is the
-,.
kinked molecule, such as that found with insertion/deletion mutations, a favorable sub-
strate for MutS binding? Does MutS binding to mismatches bend the DNA into a more
favorable conformation? How much influence does sequence context have in MutS
binding to insertion/deletion heterologies? Work is currently underway to examine some
of these possibilties.
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CHAPTER 4: Methods Supplement
SECTION I.
Site directed mutagenesis: The oligonucleotides used to create the 1, 4 and 5 base
deletion mutations in the mnt gene of pPY97 have been described in the "Materials and
Methods" section and Figure 1 of this chapter. An outlne of this procedure is shown in
Figure S3.
Primer/Template annealing: 25.6 pmols of each of the oligonucleotides were treated
with 10 units T4 Polynucleotide Kinase (70 mM Tris-HCl, pH 7.6, 10 mM MgCI , 5 mM
DTT, 1 mM A TP) for 30 minutes at 37 C followed by 10 minutes at 70 C. Single
stranded pPY97 was mixed with 5' phosphorylated oligonucleotide at a 1:20 ratio respec-
tively in 10 mM Tris-HCl buffer, pH 8.0 and 1 mM EDTA. The annealing mixture was
heated to 70 C for 5 minutes and slow cooled to 25 C over a 30 minute period. The
primed template was placed on ice until ready for use.
Extension of primed template: This procedure has been described by Bebenek and
Kunkel (1989) using native T7 DNA polymerase. The primed template was elongated 
vitro with native T7 DNA polymerase under the following conditions; 10 mM Tris-HCl
(pH 7.5), 5 mM of each of the 4 dN' s, 2 mM DTf, 7 mM MgCl, 1 mM ATP, 5 Units
T4 DNA ligase, 4 Units T7 DNA polymerase. The mitue was incubated at 37 C for 30
minutes and then placed on ice. Samples were analyzed on a 1 % agarose mini-gel to
determne the completeness of the reaction.
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Figure 83. Scheme for site directed mutagenesis for the construction of 1, 2, 3, 4
and 5 base deletions within the mnt structural gene. As described in the text, the oli-
go nucleotide containing the appropriate deletion was annealed to the single stranded
pPY97 template and extended using Native T7 DNA polymerase. The extended products
were transformed into GM4331 , spread onto MacConkey/lactose agar, and red!ef colo-
nies were isolated and tested for the appropriate deletion mutation. The 500 base pai
EcoRI (E)/Hindlil (H) restriction fragment was isolated and cloned back into the pPY97
vector (4. 8 kb EcoRI/HindIII restriction fragment). A= position of the bla gene confer-
ring ampicilin resistance and T= position of the tet gene.
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Screening procedure: The extended products are essentially unmethylated heterodu-
plexes since the template is unmethylated and the extension reaction was cared out 
the absence of Dam methylase. Transformtion of CaCl competent GM4331 (wild type,
mismatch proficient) with the extended products wil give rise to red, white and red/white
mixed") colonies when plated onto MacConkey/lactose/ampicilin plates. Red colonies
from each transformation were tested for resistance to tetracycline since the deletion
mutants should be red and Tef. The plasmid DNA of thee redef colonies from each
group was isolated on "Qiagen mini columns" according to the instrctions of the man-
ufacturer. The mnt gene was sequenced (dideoxy method) for each miiprep of each
group to identify the colonies that harbor the appropriate mutations (1, 2, 3, 4 or 5 base
deletions).
Cloning the deletion containing mnt gene into the 
EcoRVHindIll pPY97 vector: The
deletion plasmids, as determned from sequence analysis, were digested with 
EcoRI and
HindIII. 500 base pai EcoRI/HindIII restrction fragments containing the appropriate
deletion mutation in mnt was isolated from a 0.8% low meltig point agarose gel (Sea
Plaque) and subsequently purfied using PrePac (NACS) columns according to manufac-
turers instrctions. The 4. 8 kb EcoRI/HindI restrction fragment of wild type pPY97
was isolated and pured similarly. Approximately equimolar concentrations of the 500
base pair and 4.8 kb vector restrction fragments were mixed in a DNA ligase buffer, 1
mM ATP, 40 Units T4 DNA ligase and incubated 18 hours at 14 C. The clones were
transformed into GM856 (recF 143) and incubated on MacConkey/lactose plates contain-
ing ampicillin and tetracycline. Three sets of plasmid preps for each group were isolated
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from red/Amp rref colonies using PrePac (NACS) columns. This cloning step
significantly reduced the possibilty of a second site mutation in the plasmid vector due to
misincorporation of a dNP durg the extension reaction.
Restriction enzyme analysis: To determne which plasmids in each set of deletion
mutants contain only a single vector and 500 base pai mnt fragment, each set of plasmid
isolates were digested with the restrction endonuclease enzymes EcoRI, HindII and
EcoRI/HindII. pPY97 served as a control digest. Analysis of these restrction digests
were performed on 1 % agarose minigels.
SECTION TI.
Isolation of single stranded DNA. This has been describe in Chapter 3 with the fol-
lowing modification. After isolation of the single strand DNA, it was furer purfied
using hydroxylapatite chromatography (BioRad). This step was necessar to remove any
contamnating duplex DNA that might have co-purfied with the ssDNA. The ssDNA
preparations were loaded onto a freshly prepared hydroxylapatite columns buffered with
20 mM KP0 (pH 6.9) and washed with 3 volumes of 20 mM KP0 (PH 6.9). The
ssDNA was eluted with 3 volumes 100 mM KP0 (PH 6.9) collected in hal volume frac-
tions, (dsDNA eluted at 200 mM KP0 (pH 6.9)). An aliquot from each fraction was
checked for purty on a 1 % agarose minigel. The appropriate fractions were pooled, the
volume was concentrated four fold with n-butanol washings, and dialyzed over night
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against 2 liters of TE buffer (10 mM Tris-Cl pH 8.0, 1 mM EDT A) at 4 C (TE buffer was
changed twice durg dialysis). The final yield was again checked for purty on 1 % aga-
rose gels and quantitated using UV spectroscopy at A260
SECTION III.
Preparation of Heteroduplexes. The methodology is discussed in the text and out-
lined in Figure S4 with the following clarfications.
1. The annealing reaction required a mixture of 100 g ssDNA, 500 g linear
duplex DNA (1:5 molar ratio), NaCI to 10 mM, and Tris-HCl pH 7.6 to 50 mM in a final
volume of 2 mI. Freshly prepared 10 N NaOH was added to 0.3 N and the mixture incu-
bated at room temperature for 5 minutes. The mixture was neutralized with HOAc to
225 N, KCI to 100 mM and KP0 pH 7.4 to 90 mM. The mix was placed in ice
following a 30 minute incubation at 65 C subsequent to 30 minutes at 37 C. The pres-
ence of nicked heteroduplexes were checked on a 1 % agarose minigel.
2. The heteroduplexes were separated from ssDNA with the aid of hydroxylapatite
(HA) chromatography (BioRad). The heteroduplex mixture was loaded onto aHA col-
umn equilbrated with 0.02 mM KP , pH 6.9 and washed with 3 volumes of the equilibra-
tion buffer. Single-strand DNA was eluted with excess washings of 100 mM KP , pH 6.
followed by an additional washing of 1 volume 140 mM KP , pH 6.9. The
heteroduplexes were eluted with 3 volumes of 200 mM KP , pH 6.9 and collected in half
volume fractions. The fractions were analyzed on 1 % agarose gels for heteroduplex
purty, and the appropriate heteroduplex fractions were pooled. EDTA was added to
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Figure S-4. Scheme for the construction of heteroduplexes containing 1, 2, 3, 
and 5 base heterologies within the mnt structural gene. As describe in the text, the
heteroduplex constrction involves annealing the unmethylated single strand DNA to its
complementar linearzed strd to produce nicked heteroduplexes (ndDNA). The
ndDNA was separated from single strand DNA by hydroxylapatite chromatography and
subsequently converted to the covalently closed state with E. coli ligase. The covalently
closed heteroduplexes (ccDNA) were separated from the ndDNA on a cesium chloride/e-
thidium bromide (CsCl/tBr) equilbrium gradient. The methylation state for each set of
ccDNA was analysed by restrction analysis. Fully methylated heteroduplexes were
produced in vitro by treating the heteroduplex with Dam methylase.
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10 mM and the solution volume subsequently reduced with n-butanol washings. The het-
eroduplexes were dialyzed (2X) against 2 liters of TE buffer (10 mM Tris-Cl pH 8.0, 1
mM EDT A) at 4 C. The heteroduplex concentration was determned with the aid of UV
spectroscopy (A260
3. The nicked heteroduplexes were sealed with 4 units of E. coli DNA ligase in 26
J.M NAD+' 30 mM Tris-Cl pH 7.5, 4 mM MgCI , 1 mM DTT, 50 J.g/ml BSA, 10 mM
amonium sulfate, and 29 nmol of ethidium bromide per 100 J.g of heteroduplex. The
tubes were wrapped in foil after the addition of DNA ligase and placed at room tempera-
ture for 2 hours. The tubes were transferred to ice, an aliquot was tested for ligation on a
1 % agarose mini gel, and after confiration of ligation, EDT A was added to 10 mM.
4. The covalently closed heteroduplexes were separated from the open circular spe-
cies on a CsCVethidium bromide equilbrium gradient using 1.02 grams of CsCI per ml of
TE buffer. 50 J.l of 10 mg/ml ethidium bromide was added for each ml of solution and
loaded into 4 ml centrfuge tubes (Beckman). The tubes were placed into a Beckman VTi
65 rotor and centrfuged over night at 45,000 rpms. The lower of the two bands was
carefully removed using a 21-gauge needle and syrge. The ethidium bromide was
removed with n-butanol washings. The heteroduplexes were dialyzed against 2 liters of
TE and checked for purty on 1 % agarose minigels. The covalently closed heterodu-
plexes were analyzed to confIrm methylation state and subsequently stored at -
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CHAPTER 5
MutS Protein of Escherichia coli Binds to DNA
Containing Small Heterologous Sequences.
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ABSTRACT
We have previously shown, using an in vivo trsformation system, that the Escher-
ichia coli Dam-dependent mismatch repai system can recognize and correct heterodu-
plexes containing 1 2 and 3 base heterologies with efficiencies simlar to that observed
with Gff mismatches. The correction of a 4 base heterology was marginal and no
detectable correction was observed with a 5 base heterology. Efficient correction of these
heterologies required the gene products of mutH, mutL and mutS. 
In addition, Salmonella
typhimurium MutS protein recognized and bound to 1 3 and 4 base heterologies and a
Grr mispai as determed by band shift assays. A surrising result that arose from these
assays was that MutS bound to 1 and 2 base heterologies with a higher affinity than it
bound to the Grr mismatch. The present study utilzed purfied E. coli MutS protein to
examine the relationship between MutS binding to small heterologies and the Gff mis-
match. The results of these experiments confIrm that E. coli MutS binds to 1, 2 and 3
base heterologies with greater affinity than it binds to a Grr mismatch. The relative
affinities were 1 base heterology 2 base heterology 
3 base heterology Grr mispai
4 base heterology. DNase I protection experiments using a 215 base pai restrction
fragment showed that MutS protects approximately 23 to 25 bases of the 1 2 or 3 base
heterologies while protecting approximately 22 base pais surounding the Gff40 mispai.
Binding of MutS to the substrate molecules was asymmetrc, an observation that is in
agreement with other studies.
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INTRODUCTION
The Dam-dependent mismatch repai system of Escherichia coli corrects DNA con-
taining base: base mispairs and small heterologies at effciencies that depend on both the
nature of the mismatch and on the DNA sequence within which the mismatch lies
(Radman and Wagner, 1986; Modrch , 1987; Meselson, 1988; Modrch, 1991). Repai of
a mismatch by this system is diected according to the state on Dam (DNA adenine
methyltransferase) methylation of 5' -d(GA TC)-3' sequences: repai is diected against
the unmethylated strand of a hemimethylated d(GA TC) sequence, either strand of an
un methylated d(GA TC) sequence while in contrast symmetrcally methylated d(GA TC)
sites are refractory to repai (Pukkla et al., 1983; Lahue et al., 1989). Dam-dependent
mismatch repai can utilze d(GA TC) sites in excess of 2 000 base pais from the site of
the mismatch giving rise to long excision repair tracts (Wagner and Meselson, 1976; Su
et al., 1989). This mismatch repai system has been reconstituted in vitro as a purfied
system requirng the gene products of mutH, mutL 
and mutS, helicase II, SSB, exonu-
clease I, exonuclease VII or RecJ, DNA polymerase III holoenzyme and DNA ligase (La-
hue et al., 1989; Modrch, 1991).
Although the biochemistr of mismatch repai is not completely clear, the process
can be divided into thee steps: initiation, repai tract excision, and repair tract resynthe-
sis. Initiation of repai begins with the recognition and binding of a mismatch by MutS
protein. In the presence of MutS/mismatch and A TP, a DNA alpha loop strcture forms
that is stabilzed at the DNA junction with bound protein, presumably MutS (Modrch,
1991). MutL protein associates with the MutS/ATP/DNA complex and increases the
number of nucleotides protected against DNaseI digestion (Grilley et al., 1989). MutH, a
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d(GA TC) specific endonuclease, is activated in the presence of ths complex which pres-
umably begins searching for an unmethylated d(GATC) sequence (Modrch, 1991).
MutH makes an incision on the unmethylated strand 5' to a hemiethylated d(GA TC)
site (Welsh et aI., 1987). Repai tract excision involves DNA helicase II to unwind the
duplex 3' to 5' (Matson , 1986) in a process that requires the presence of SSB (single-
strand DNA binding protein). Repai tract excision is diected either 3' to 5' byexonu-
clease I or 5' to 3' by exonuclease VII or the RecJ exonuclease (Su et al., 1989; Modrch,
1991). DNA polymerase III holoenzyme resynthesizes the repai tract and DNA ligase
restores the DNA to its covalently closed state.
The E. coli mutS gene product is a 97 kDa protein that recognizes and binds to all
eight possible base:base mispairs in vitro with varing affinities (Su et al., 1988). We
have recently demonstrated that Salmonella typhimurium 
MutS, which complements 
coli MutS in vivo, recognizes and binds to heteroduplexes containing 1, 2, 3 and 4 base
heterologies in vitro (Parker and Marnus, in press). The results of that study suggested
that MutS protein binds to 1 and 2 base heterologies with greater affinity than it binds to
the Gff mismatch. In this study, we have confIrmed and extended the previous observa-
tions to include competition studies and DNase I protection data.
MATERIALS AND METHODS
Materials: The E. coli MutS protein was a very generous gift from Dr. Paul Modrch
(Duke Univ. Medcal Center, N. Carolina; Su and Modrch, 1986). MutS was stored at
C as 3. 1 pmols/Jll in 0. 1 M KP0 (pH 7.4), 0. 1 mM EDT A, 0.2 M KCl, 1 mM phe-
nylmethylsulfonyl fluoride and 10 mM 2-mercaptoethanol. Bovine pancreatic DNaseI
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was purchased from USB. T4 polynucleotide kinase, EcoRV, HindI, Avail restrction
endonucleases and the large fragment of DNA polymerase I (Kenow fragment) were
purchased from New England Biolabs. 
(y-
p)ATP (3,000 Ci/mmol), (a.- p)dGTP
(3,000 Ci/mmole), and (a.- p)TTP (3,000 Ci/mmol) were purchased though Amersham.
BAND SHIFT ASSAY I. Oligonucleotides. The oligonucleotides used in this
study were synthesized and HPLC purfied by Operon Technologies (Alameda, CA). 
33 base oligonucleotide with the following sequence,
ATACGGAAGTTAAAGTGCGGATCATCTCTAGCC- , served as the wild type
sequence (top strand) to which complementa sequences containing 1 4 or 5 base
deletions (Figure 1) were annealed to form heteroduplex substrates for band shift assays.
The homoduplex control and Gff heteroduplexes were constrcted from 36 base oligo-
nucleotides in which the wild type sequence (top strand) of
GCATACGGAAGTTAAAGTGCGGATCATCTCTAGCCA-3' is annealed to the
complementary sequence to form the 36 base homoduplex and to
TGGCTAGAGATGATCCGT ACTTAACTTCCGTATGC-3' to form the 36 base
Grr 40 heteroduplex.
Kinasing of Oligonucleotides. The top strand oligonucleotides were 5' end labelled
using T4 polynucleotide kiase and 
(y_
p)A TP (3,000 Ci/mmol). 10 Units of T4 polynu-
cleotide kinase was added to 20 pmols of oligonucleotide in 70 mM Tris-Cl (PH 7.6),
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Figure 1.
Top Strand-33 mer
5' -AT ACGGAAGIT AAA G38 T GA TCA TCTCT AGCC-
Bottom Strand containing 1M following deletions:
A39 1 base tJ
C40 2 base tJ
C40 3 base tJ
4 base tJ
- T C:38 5 base tJ
Map of the deletions used in the mobility shift 
assays. The sequence maps
show the location of the 1, , 3, 4 and 5 base deletions and the position of the Gff mis-
match. Each of the deletion oligonucleotides were annealed to the complementar
33-mer to create the heteroduplexes used in the mobility shift assays.
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10 mM MgCI , 5 mM DTT and 20 pmols (y- p)A TP (60 IlCi) and incubated for 30 min-
utes at 37 C. The reaction was termated by incubating the mix at 70 oC for 10 min.
The radioactively labelled oligonucleotides were stored at - C and were used within 4
days.
Annealing Reaction. 2 pmols of the 32p-top strand was mixed with 2.5 pmols of the
complementa oligonucleotide in 20 mM Tris-HCl (pH 7.6), 0.01 mM EDT A, 5 mM
MgCI , 0. 1 mM DTI. Annealing was cared out by heating the mixture to 70 C for 10
minutes, slow cooled to 27 C over a 30 minute period and placed on ice for 10 miutes
prior to use.
MutS Binding Reaction. 5 pmols MutS protein was added to 40 fmols radioactively
labelled heteroduplex (or homoduplex) in a final volume of 10 Ill. The bindig reaction
was placed on ice for 30 minutes followed by the addition of 2 III 50% w/v sucrose. 5 Jl
was loaded onto a 6% non-denatung polyacrylamde gel and electrophoresed in 40 mM
Tris-acetate (pH 7.5), 1 mM EDT A at 95 volts (7.5 volts/cm) unti bromophenyl blue
marker runs approximately 7 cm from the top of the gel, approximately 2 to 2.5 hours.
The gel was dred at 80 C for 45 minutes followed by autoradiography on XOMA T fim
(Kodak).
BAND SHIFT ASSAY II. Competition binding study. Same as above except that
1.6 pmols of cold competing duplex (1, 2, 3 and 4 base heterologies, Gff mispai and
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homo duplex) was added to 40 fmols radioactively labelled duplex followed by the addi-
tion of 2.5 pmols MutS for 1 base 11 heteroduplex, 3.0 pmols MutS for the 2 base hetero-
duplex and 3.5 pmols of MutS for the 3 base heteroduplex. The mixtue was incubated
on ice for 30 minutes prior to electrophoresis and autoradiography.
DNase I protection assay: The procedure used for DNaseI protection assays has been
described by Su and Modrch (1988) with the following modifications. pPY97 heterodu-
plexes containing 1, 2 and 3 base heterologies and Grr mismatch are described in detail
elsewhere (Parker and Marnus, In Press), and the DNA sequences are outlned in Figure
1. These heteroduplexes were digested with EcoRV and HindII and loaded on a 4% low
melting point gel (Nu Sieve, DNA Grade, FMC products, ME) in 90 mM Tris-borate (pH
8.3), I mM EDT A. A 378 base pai EcoRV/HindIII restrction fragment containing the
i' .
mismatch was excised from the gel and pured with PrePac NACS columns according
to the manufacturer s protocol. This 378 base pai fragment was furher digested with
Avall restrction endonuclease to produce a 215 base pai fragment with a 5' overhang of
CAG- . The Klenow fragment of DNA polymerase I was used to fill in the AvaII 
end with (a- P)dGTP (3,000 Ci/mmole), (a- P)TTP (3,000 Ci/mmol) and dideoxyCTP.
The 215 base pai labelled restrction fragment was separated from the 153 and 10 base
pai fragments as described above for the 378 base pai fragment. Approximately 50
fmols of 215 base pair labeled fragment was dissolved in 14 l DNase I buffer (20 mM
Tris-Cl, pH 7. 5 mM MgCI , 0.5 mM CaCI , 1 mM DTT, 0.1 mM EDT A). E. coli
MutS (3. 1 pmols) was added and the binding reaction was cared out at room tempera-
ture for 20 minutes. 2 ng DNase I (2 ng/ l) was added to both MutS bound and unbound
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(control) complexes. The reaction was quenched after 15 seconds by the addition of 48
of 200 proof ethanol, 3.75 Jll5 M amonium acetate and 1 Jll glycogen (20 mg/ml)
(Boehrnger Mannheim). The products were analyzed on 8% denaturng polyacrylamde
sequencing gels. Maxam and Gilbert G-lane sequencing of the 32 labeled 215 base
restriction fragment was used as marker lanes for each DNase I protection assay. Briefly,
5 JlllO% diethyl sulfate was added to 195 Jll DMS buffer (50 mM sodium cacodylate,
pH 7.0, 1 mM EDTA) contaning 50 fmols 32 labeled 215 base restrction fragment and
incubated for 5 minutes at 20 oC. The reaction was quenched with 50 Jll DMS stop solu-
tion (1.5 M sodium acetate pH 7.0, 1 M -mercaptoethanol) and 750 Jl1100% ethanol.
The DNA was precipitated at -70 oC for 30 minutes and subsequently centrfuged. The
DNA pellet was washed, lyophilized, resuspended in 100 Jll of 1 M piperdine, incubated
at 90 oC for 30 minutes, and lyophilyzed. Washed twice with dH 0, lyophilzed and
resuspended in sequencing gel-loading buffer (98% deionized formamde, 10 mM EDT A,
025% xylene cyanol FF, 0.025% bromophenol blue).
RESUL TS
MutS Protein Binds to 1, 2, 3 and 4 Base Heterologies. A mobilty shift DNA bind-
ing assay was used to evaluate MutS binding to inserton/deletion heterologies (Figue
1.). E. coli MutS protein (Su et al., 1986) binds to 33 base heteroduplexes contaning 1,
, 3 and 4 base heterologies and to a 36 base heteroduplex containing a Grr mismatch
control (Figure 2A). The binding of a heteroduplex containing a 5 base deletion and the
36 base homoduplex was not observed. Densitometrc scans of the mobilty shift assay
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MutS
Binding Assay
Q) 
-0 t- E.. 0
" .
Figure 2. A. Autoradiogram of the mobility shift assay using E. coli
MutS protein. A representative result of a mobilty shift assay involving 40 fmols of
labelled 1 4 and 5 base deletion 33-mer duplexes and 2.5 pmol MutS protein.
The homoduplex and Grr mismatch duplexes are 36-mers. The binding reaction was car-
ried out on ice in 10 J.l volume as described in Materials and Methods. Lane 1 , 1 base
deletion duplex; lane 2, 2 base deletion duplex; lane 3, 3 base deletion duplex; lane 4, 4
base deletion duplex; lane 5, 5 base deletion duplex; lane 6, Gff mismatch duplex; and
lane 7, homoduplex. F= free duplex, B= bound duplex. B. Results of densitomet-
ric scan of assay A (Figure 2A) and assay B. Assay A (above) and B represent
duplicate experiments of mobilty shit assays.
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autoradiograms were used to determe the relative amounts of free and bound heterodu-
plex. The results are depicted in Figure 2B, and suggests that MutS binds to the 1 base
heterology with a higher affinity than it binds to the remaining heteroduplexes. These
II'
results suggested a hierachy of bindingthat places the affinity of MutS for 1 2 and 3
base heterologies higher than that of the Grr control heteroduplex and the 4 base heterol-
ogy.
MutS Competition Binding Assays. The hierarchy of MutS binding to inserton/de-
letion heterologies and the Gff mispai was investigated by measurng the binding of
MutS protein to a radioactively labelled substrate in the presence of cold competitor
. :
DNA. When 250 nM MutS protein was incubated with 4 nM of the labelled 1 base
heterology heteroduplex in the presence of 40 fold excess cold competitor DNA (1, 2, 3,
4 base heterologies, Grr mismatch and homoduplex), a clear hierarchy of bindig was
observed (Figure 3). This set of results indicated that MutS binds with high affmity to 1
base heterology 2 base heterology 3 base heterology Grr mismatch. The 4 base
heterology and homoduplex failed to compete with the 1 base heterology for MutS bind-
ing. The same set of experiments was performed using radioactively labelled 2 base het-
erology (Figure 4) and 3 base heterology (Figure 5). The results of these experients are
in general agreement with those of Figure 3, but also suggest that the 4 base heterology
can compete against the 2 and 3 base heterologies for MutS binding. Interestingly, 
40-fold excess of homoduplex competed, albeit weaky, against the 2 and 3 base heterol-
ogies for MutS binding. This observation was not unexpected since a similar study also
observed low non-specific binding to a 16-mer homoduplex (Jircnyet al., 1988).
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Competition Binding Assays (Gel Shift)
100% 1 base deletion heteroduplexes
90%
80%
70%
60%
"' 
50%
40%
30%
20%
10%
.........
None 2del 4del HomoGrr1 del 3del
Competitor DNA
Assay A !II:Ill:j Assay B
Figure 3. Mobility Shift Assay; Competition studies with 1 base dele-
tion duplex. The bindig of 2.5 pmol MutS to 40 fmol of radioactively labelled 1. base
deletion duplex was evaluated in the absence (None) and in the presence of a 40-fold
excess (1.6 pmol) of competitor DNA duplex as describe in Materials and Methods.
The binding reactions were evaluated by mobilty shift assays with subsequent densito-
metrc analysis, the results of which are shown above. Assays A and B represent dupli-
cate experiments.
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Competition Binding Assays (Gel Shift)
2 base deletion heteroduplex
100%
90%
80%
70%
60%
"' 
50%
40%
30%
20%
10%
...............
None 1 del 2 del 3del 4 del Gff Homo
Competitor DNA
Assay A 
t11111\1
Assay B
Figure 4. Mobility Shift Assay; Competition studies with 2 base dele-
tion duplex. The binding of 3.0 pmol MutS to 40 fmol of radioactively labelled 2 base
deletion duplex was evaluated in the absence (None) and in the presence of a 40-fold
excess (1.6 pmol) of competitor DNA duplex as describe in Materials and Methods.
The bindig reactions were evaluated by mobilty shit assays with subsequent densito-
metrc analysis, the results of which are shown above. Assays A and B represent dupli-
cate experients.
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Competition Binding Assays (Gel Shift)
3 base deletion heteroduplex
I ,,
100%
90%
80%
70%
60%
-0 50%
40%
30%
20%
10%
I)'
.........
1 del 2del 3 del 4del GfT Homo
.........
None
Competitor DNA
Assay A IIIIItJ
Assay B
Figure 5. Mobility Shift Assay; Competition studies with 3 base dele-
tion duplex. The binding of 3.5 pmol MutS to 40 fmol of radioactively labelled 3 base
deletion duplex was evaluated in the absence (None) and in the presence of a 40-fold
excess (1.6 pmol) of competitor DNA duplex as described in Materials and Methods.
The bindig reactions were evaluated by mobility shift assays with subsequent densito-
metrc analysis, the results of which are shown above. Assays A and B represent dupli-
cate experients.
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-=c: DNase I Protection Assay. To identify the DNA sequence bound by MutS protein
DNA restrction fragments (215 base pais) containing either ai , 2, 3 base heterology or
Gff mismatch were incubated with MutS and subsequently treated with DNase!. The
results are shown in Figue 6, and indicate that MutS specifically recognzes 1 , 2 and 3
base heterologies since they are located within the region that is protected against DNaseI
cleavage. For each heterology, only one area of DNaseI protection was observed within
the 215 base pair restrction fragments. In the absence of MutS protein, the DNaseI
cleavage patterns within the region normally protected by bound MutS protein var
slightly, while the cleavage patterns both 3' to and 5' to the protected regions are vir-
ally indistinguishable from duplex to duplex. This is consistent with the observations of
Lu et al., (1988), and presumably reflect the strcturalelical varations that are induced
as a result of the different heterologies. These varations in the vicinity of the mis-
match!eterology make specific areas of the phosphodiester backbone more susceptible
to attack by DNase!.
Figure 7 shows the DNA sequences that were protected against DNaseI digestion.
The heterology/mismatch was asymmetrcally positioned within the DNaseI protected
region suggesting that MutS binds asymmetrcally to both the Gff mismatch and the 1
and 3 base heterologies. MutS protein protected about 22 base pais surounding the Gff
mismatch, and 23 to 25 base pais surrounding the 1, 2 and 3 base heterologies.
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MutS Footprints - DNasel
Mismatch 1 del 2 del 3del G:T
MutS 
- + - + - + - 
Figure 6. E. coli MutS DNA footprints: DNaseI protection assays.
Approximately 50 fmol of 3'
-end labeled (AvaIl site) 215 base pair restrction fragments
containing either ai , 2 or 3 base heterology or a Grr mismatch (see Figure 1) were sus-
pended in 14 Jll DNaseI buffer to which IJll (3. 1 pmol) of MutS protein was added. The
binding reaction was incubated for 20 minutes at room temperatue followed by the
addition of 2 ng DNase!. The reaction was quenched after 15 seconds. The minus sym-
bols indicate no MutS protein and the plus symbols indicate the presence of MutS pro-
tein. The position of the Gff mismatch and 1 2 and 3 base heterologies within the
restriction fragments are marked by the arows and brackets. The DNA sequence runs 5'
(top) to 3' (bottom).
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Figure 7. DNA sequence of the MutS footprints in Figure 6. The
arows mark the position of the Gff mismatch and the 1 2 and 3 base deletions. The
DNA sequence in large bold print represents that which is protected against DNaseI
cleavage by bound MutS protein.
GfT mismatch G
GGCAT ACGGAAGTI AMGTGCGGA TCA TCTCTAGCCATGCCAT-3'
22 bases
unpaired T
GGCATACG GAAGTI AMGTGCGGA TCA TCTCTAGCCATGCCAT-
1 base deletion
unpaired GCase e elan 
GGCATACG AAGTI AMGTGCGGA TCA TCTCT AGCCATGCCAT-
3 base deletion
unpaired TGC
GGCATACG GAA GTI AMGTGCGGA TCA TCTCT A GCCATGCCAT-
25 bases
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DISCUSSION
The E. coli mutS gene product has been isolated and purfied to near omogeneity as
a 97 kDa protein (Su and Modrch, 1986). MutS recognizes and binds to al eight possi-
ble mismatched bases in DNA with an affinity that roughly correlates to their in vitro
repai efficiency (Su et al., 1988). Using DNaseI protection assays, Su et al. (1988)
calculated the apparent equilbrium dissociation constats for these mismatched base
pais based on the assumptions that the MutS protein bound as a monomer and was 100%
active in mismatch recognition. The highest affinity of MutS was for the Gff and 
mismatches at 39 nM and 53 nM respectively, and the lowest affinity was for the C/C
mispai at about 480 nM (Su et al., 1988). Interestingly, MutS protein binds to the C/C
mispai even though it is not corrected by mismatch repai (Su et., 1988). Furermore,
MutS binds to the A/C mispai with high affinity (53 nM), but repais it at moderate fre-
quencies (Su et al., 1988). These observations serve to under score the point that, while
MutS recognition and binding is required for repair, it is not the sole determant of
mismatch repai efficiency. MutS does not bind to 5 base heterologies, which are not
repaied in vivo (Parker and Marnus, in press).
Studies performed both in vivo (Parker and Marnus, in press) and in vitro (Lears
and Grafstrom, 1989) have indicated that heteroduplexes containing 1, 2 and 3 base het-
erologies are repaied as efficiently as a Gff mismatch. Since previous binding studies
have indicated that MutS binds with highest affinity to the Gff mismatch in vitro (Su and
Modrch, 1986; Su et aI., 1988; Jircny et al., 1988), we expected to observe simiar MutS
binding affinities for 1, 2 and 3 base heterologies. Rather, our results indicate that MutS
binds with higher affinity to 1 2 and 3 base heterologies than to the Gff mismatch. This
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is in agreement with the calculated apparent equilbrium dissociation constats for 1 , 2
and 3 base heterologies and the Grr mispai as 10.4 nM, 21 nM, 165 nM and 202 nM
respectively. The Dapp was calculated according to the method of Su et al. , (1988)
except that data from mobilty shift assays were used rather than from the more accurate
DNaseI protection method. This method has a number of imperfections that can lead 
error in determning the Dapp First, the binding equilbrium is constantly changig dur-
ing electrophoresis, thus increasing the ratio of free to bound ligand. Second, the Dapp
MutS for 1 2 and 3 base heterologies and Gff mismatch were calculated using the data
in Figure 2B. Since MutS binding to 1 and 2 base heterologies was approaching the pla-
teau phase in excess of 90%, the KDapp are likely less accurate than if they had been cal-
culated from values closer to 50% binding such as was the case for the 3 base heterology
and the Gff mismatch. Finally, as describe by Su et al., (1988) it was assumed, since
neither the aggregation state nor the biologically active form of MutS had been defined,
that MutS bound as a monomer and that it was 100% active in its abilty to recognize and
bind to mismatched DNA. Although the limitations described above allow only a rough
estiate of the Dapp for MutS binding, these values do provide importnt information
about the relative affinities of MutS to the DNA heterologies.
The Dapp for the Gff in this study was about 5 fold greater than that calculated by
Su et al., (1988). The diference in the affinities between the Gff mispais used in this
study (202 nM) and that of Su et al., (39 nM) may be due in par to: a) the limitations of
the mobilty shift assays used in this study, and b) the DNA sequence context diferences
between the Grr mispais used in each study since they were positioned in dierent DNA
sequence environments. It is likely that our Dapp values, which were calculated using
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data from mobilty shift assays, are higher than if they had been calculated using the more
accurate DNaseI protection assays of Su et al., (1988). If this is the case, then the Dapp
for MutS binding to the 1 base heterology would be even lower than the 10.4 nM value
reported here. The reported Dapp of MutS for the Gff mispai (39 nM) (Su et al., 1988)
is higher than that of the 1 base heterology makng this the first report of a substrate for
which MutS has a higher affinity than the Gff mispai.
DNaseI footprinting experiments have shown that MutS protein protects about 20
base pairs surounding a Gff mismatch from DNaseI cleavage (Su and Modrch, 1986;
Su et al., 1988; Grilley et al., 1989). Moreover, in the presence of MutL and ATP, MutS
protects about 100 base pais (Grilley et aI., 1989). In the present study, we have found
that MutS protein asymmetrcally protects about 22 base pairs surounding the Gff mis-
match, and 23 to 25 base pais surounding the 1, 2 and 3 base heterologies. The asym-
metr of MutS binding is in agreement with a related study that demonstrated a similar
asymmetr by methidiumpropyl-EDTAFe(II) footprinting (Su and Modrch, 1986). The
asymmetres observed with the 1 2 and 3 base heterologies are the same, but opposite of
that observed with the Grr mispai. This asymmetr suggests that MutS may recognize a
specific face of the helix surounding the heterology such that changing the heterology
from one strand to the other may provoke a 180 change in MutS bindig asymmetr.
However, it is quite possible that changing a heterology from one strand to the other may
produce a concurent change in MutS binding affinity since the sequence environment
also changes. This has been observed by Jircny et aI., (1988) since MutS affinity for
Gff and CIA mispais decreased when they were inverted to TIG and NC mispais.
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Experiments are curntly being planned to investigate the strndedess of small heterol-
ogies relevant to their influence on the asymmetr of MutS binding. In addition, since
DNaseI protection assays tend to over-estimate the region protected by bound protein, a
more precise investigation aimed at identifying the nucleotide residues involved in MutS
binding using the more sensitive methodology of hydroxyl radical footprinting are cur-
rently underway.
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FINAL COMMENTS
The recognition and repai of inserton/deletion mutations is a vitaly importt cel-
lular process since unrepaied mutations of this tye can have devastatig consequences
to viabilty. These types of mutations can result in the production of non-functional
proteins by altering the genetic reading frame, or they can affect the level of genetic
expression of a protein by changing reguatory DNA sequences. In this thesis, I have
presented evidence in support of the recognition and repai of small heterologies by the
Dam-dependent mismatch repai system of Escherichia coli.
The experimental approaches used in this work have led to the development of a
sensitive in vivo transformation system for the rapid analysis of DNA repai activity.
This system circumvents many of the problems experienced with other in vivo systems
used to evaluate DNA mismatch repai. For example, the " strand-loss" phenomenon that
has been observed with phage dependent systems was not observed with the mnt system.
Strand loss complicates the mismatch repai analysis in phage based systems since as
many as 70% of the infective centers reflect pure phage of the genotye of either strand
of a heteroduplex in the absence of repai. In other words, lack of repai of an appropri-
ate heteroduplex molecule would be indicated by the presence of mixed infective centers,
of which the frequency of occurrence does not exceed 30% (Reviewed in Meselson
1988). Conversely, efficient mismatch repai of a heteroduplex is indicated when the fre-
quency of occurence of mixed infective centers drops to about 5%. This makes the anal-
ysis "window" for repair very small thus decreasing the sensitivity of the system. In the
mnt system the absence of mismatch repai is indicated by the presence of about 90%
mixed colonies and a small percentage of pure red or white colonies (the presence of the
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pure colonies may be the result of localized repai due to nick trnslation, or due to low
efficiency repai by other DNA repai systems). This provides a large analysis "window
which serves to increase the sensitivity of the assay. The marginal repair of 4 base heter-
ologies was detected by the mnt system, whereas the repai of this heterology in phage
based systems might not have been detected.
The methods used to analyze for mismatch repair using the phage based systems are
quite laborious in comparson to the MacConkey/lactose system. In most cases, trans-
fected cells must be plated prior to lysis in order to detect mixed infective centers. Phage
progeny isolated from these infective centers must be used to reinfect the host strain in
order to identify the genotype. Unlike the phage systems, the mnt system can rapidly
evaluate mismatch repai of heteroduplexes after a single transformation on the basis of
colony color. This system also contains the added benefit of an internal control, based on
the tetracycline phenotye of the transformant, to detect the presence of false white colo-
nies.
In summar, I have presented both genetic and biochemical evidence supportng a
key role for the repai of small heterologies by Dam-dependent mismatch repair. Using
the mnt in vivo system, I have shown that: 1. DNA contaning 1, 2 and 3 base insertion-
Ideletion heterologies are repaied with efficiencies similar to Grr mispais in a methyl-
diected process that required the gene products of mutH, Land S, 2. 4 base heterologies
are marginally repaied, and 3. no repai is observed when the DNA heteroduplex
contans a 5 base heterology. In addition, in vitro studies with MutS protein have shown
that: 1. MutS protein binds to DNA containing 1, 3 and 4 base heterologies, which are
. ",
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subject to repair by mismatch repai, but not to 5 base heterologies, which are not sub-
strates for mismatch repai, 2. the hierarchy of MutS binding to heterologies relative to a
Gff mismatch is 1 base II :: 2 base II :: 3 base II :: Gff :: 4 base ll, 3. MutS recognizes
and specifically binds to the Grr mismatch and 1, 2 and 3 base heterologies as deter-
mined by DNaseI protection assays.
FUTURE DIRECTIONS
The potential for future applications for the mnt system is significant and a few of
these are outlined below. In addition, the work presented in this thesis has given rise to a
new set of questions. The following section introduces a list of questions for future con-
sideration followed by a brief outline of the experimenta approach that could be used in
the investigation.
)' 
1. Is mutH independent repair of 1, 2 and 3 base heterologies due to nicking activity
from the gene product of endA (endonuclease I)? Constrct a mutH indicator strain that:J..
?rl
ff':'
is endA- transform with heteroduplexes contaning 1, 2 and 3 base heterologies and eval-
uate for the presence of mutH independent repai on MacConkey/lactose indicator agar.
Use GM4331 (wild type) as a control.
2. If given enough time prior to plasmid replication, wil 4 and 5 base heterologies be
repaied? This can be investigated using an indicator strain containing a dnaA (Ts) allele
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to block plasmid replication at 42 C for varous time periods after transformation, fol-
lowed by a shift to the permssive temperature. Screen for repai on MacConkey/lactose
indicator plates.
..'
3. Is the efficiency of repai the same for each of the four (A , T, G, C) 1 base heterolo-
gies? Evaluate the efficiency of repai for each of the single base inserton/deletion heter-
ologies within the same sequence context, but at different locations within the 
mnt gene.
Assay for repair efficiency using mnt system.
4. Is the rate of repai of 1, 2 and 3 base heterologies similar to the Grr mispai? Use 
coli cell free extracts to evaluate the rate of repai of heteroduplexes containing 1, 2 and 3
base heterologies and the Gff mispais in vitro. Transform into mutL or mutS indicator
strains. Score for the relative rate of repai.
5. What are the on and off rates for binding of MutS protein to the 1 base heterology and
the Grr mispai? Set up filter binding assays for kinetic analysis.
6. What are the apparent equilbrium dissociation constants for 1 3 and 4 base heterol-
ogies and how do they compare to the Grr mismatch? Prepare heteroduplexes, isolate
and radioactively label appropriate restrction fragment, titrate a fixed concentration of
heteroduplex with increasing concentrations of MutS protein, and treat bound DNA frag-
ments with DNase!. Calculate KDapp using the point at which MutS provides 50% protec-
tion from DNaseI digestion.
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7. Does the asymmetr of MutS binding change if the inserton/deletion mutation is
moved from one DNA strand to the other? Prepare two DNA substrate molecules con-
taining the same inserton/deletion at the same site, but on opposite strands. Evaluate
using DNaseI protection assays.
iii'
.iF
It'
z;:
!hi
8. Which nucleotide residues are involved in MutS binding? Hydroxy radical footprit-
ing of each strand of a 1 base heterology in combination with NMR studies of the 1 base
heterology duplex may provide some useful information. This study is curently being
planned.
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